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C H A P T E R 1 
INTRODUCTION 
This thesis deals with the mono-, di- and trinegative ions of trinaph-
thylene (TN) and with the dianions of triphenylene (Tp) and 1,3,5-tri-
phenylbenzene (Tpb). The molecules TN, Tp and Tpb are aromatic hydro­
carbons with trigonal symmetry. Molecules with the latter symmetry have a 
set of degenerate and a set of non-degenerate π-electronic energy levels 
[ 1,2 ]. In most cases the lowest anti-bonding level is twofold degenerate 
according to Hückel and self-consistent field (SCF) molecular orbital (MO) 
descriptions. Examples of this are benzene (B), Tp, Tpb, coronene (C) and 
decacyclene (D). 
Owing to this degeneracy the electronic ground states of their mono-
negative ions are also twofold degenerate and this may have special conse-
quences for their electronic properties as measured with electron spin reson-
ance (ESR) spectroscopy. In general, such systems produce broad hyperfine 
lines [ 3,4. ] which are difficult to saturate [ 5 ], and have a g-value deviating 
from that obtained from similar non-degenerate radical ions [ 6,7 ]. 
For the dianions a triplet ground state is predicted when electron corre-
lation is taken into account (Hund's rule). В could not be prepared yet but 
for Tp , Tpb , С and D triplet ground states have indeed been observed 
[8-13]. 
The ESR experiments carried out on TN" and TN gave some unexpec­
ted results [ 14 ]. TN' behaved as a normal non-degenerate radical like naph-
thalene" and anthracene", while TN was proved to have a singlet ground 
state and a thermally-non-accessible triplet state. These results could be inter­
preted with Hückel and SCF calculations which showed that the lowest anti-
bonding level of TN" and TN is non-degenerate in contrast to the other 
trigonal molecules and anions just mentioned. The absence of a thermally-
excited triplet state predicted by the Hückel theory, could be explained by 
the SCF calculation on TN2". 
Under certain circumstances it proved possible to reduce TN further to 
TN and to resolve the hyperfine ESR spectrum of the latter ion. The ESR 
experiments indicated that TN has a degenerate doublet ground state in 
accordance with Hückel and SCF theories. From the observed hyperfine 
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structure in the ESR spectra of TN" and TN the spin densities in these ions 
could be determined. They have been compared with the theoretical values 
obtained from Hückel, SCF and configuration interaction (CI) calculations. 
Also the phosphorescence state of TN was measured but this revealed no 
special effects. The zero-field-splitting (ZFS) parameters D and E which cha-
racterize a triplet ESR spectrum, were as expected. A zero Ε-value was found 
corresponding to the trigonal symmetry of TN. 
The dianions Tp and Tpb have been studied with ESR by van Broek­
hoven [9,10,13 ]. An interesting feature of his study was that the triplet 
spectrum of Tp dissolved in 2-methyltetrahydrofuran (MTHF) did not re­
flect the trigonal symmetry of the parent molecule. The ZFS parameters D 
and E were found to be equal to 0.046 and 0.009 cm respectively. This 
distortion of the trigonal symmetry was attributed to the perturbing influence 
of the alkali counter ions present in the solution. If the cations were removed 
from the triplet dianion by addition of solvents with high solvating power 
(glymes) to the solution, the D-value dropped to 0.029 cm , while the 
Ε-value became zero pointing to a trigonal spin distribution in the triplet 
system. This spectrum was tentatively ascribed to the unperturbed Tp ion. 
For Tpb also different spectra were observed as a function of solvent 
and counter ion [ 10 ]. The D-value changed from 0.046 cm (K+, MTHF) to 
0.032 cm (glymes), i.e. with about the same amount as the variation in the 
D-value of Tp . However, all spectra of Tpb revealed a trigonal spin distri-
button (E = 0). Apparently the perturbation of Tpb by the counter ions 
in solvents like MTHF does not induce a loss of trigonal symmetry in the spin 
distribution of Tpb . A similar distortion was found for Ό^' which also 
showed a zero Ε-value irrespective of solvent and cation [ 10 ]. 
It was then of interest to investigate these effects theoretically and to 
see if an explanation could be given for the strikingly different results ob-
'У "У 
tained from Tp as compared with Tpb . It was tried to account for the 
ZFS parameters observed for the various triplet systems [ 15,16 ]. Also the 
term schemes of Tp and Tpb were calculated since previous studies [ 1 7 ] 
had predicted singlet ground states for these dianions in contrast with exper­
iments. 
For the calculations the Hückel, SCF and CI theories for aromatic sys-
tems have been used. The ZFS parameters have been calculated within the 
semi-empirical approach proposed by van der Waals and ter Maten [ 18 ]. In 
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the calculations on the perturbed triplet systems the counter ions have been 
considered as point charges. 
It was found that with the present theories adequate explanations can be 
given for the observed phenomena. From comparison between experimental 
and theoretical results some suggestions are made concerning the most pro-
bable anion-cation conformations in the different cases. 
2 
In the first part of this thesis the ESR investigations on TN", TN " and 
TN and on the phophorescence state of TN are discussed. In chapter 2 a 
short description is given of the procedure for obtaining the samples and for 
performing the ESR experiments. In chapter 3 the results of these exper-
iments are presented. Chapter 4 starts with a brief survey of the quantum-
mechanical theories necessary for interpreting the ESR experiments. In the 
remainder of this chapter the experimental results are interpreted in terms of 
the Hückel, SCF and CI theories for aromatic systems. 
In the second part of this thesis theoretical explanations are given of the 
experimental results obtained by van Broekhoven on Tp and Tpb . Part II 
starts with chapter 5 where the term schemes of Tp and Tpb are calcu-
lated and compared with the experimental data. In chapter 6 the calculated 
ZFS parameters of the unperturbed Tp and Tpb ions are presented. The 
results are compared with experiments in highly polar solvents like glymes in 
which Tp and Tpb are assumed to be not perturbed by the counter ions. 
Finally, chapter 7 deals with the cation influences on the term schemes and 
on the ZFS parameters of Tp and Tpb . The results are compared with the 
experimental data obtained in less polar solvents like MTHF or MTHF/glyme 
mixtures. A description is given of the possible structures of the ion triples 
and ion pairs present in these solvents. 
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P A R T I ESR INVESTIGATIONS ON THE ANIONS AND THE 
PHOSPHORESCENCE STATE OF TRINAPHTHYLENE 
C H A P T E R 2 
EXPERIMENTAL PROCEDURE 
2.1 Preparation of trinaphthylene 
Trinaphthylene (TN) was described as dinaphthylene [ 19 ] before its 
true constitution was recognized [ 20 ]. It can be obtained from triphthalyl-
benzene (I) by heating it with zinc-dust and hydrogen gas: 
(I) was prepared by trimerization of 1,4-naphtoquinone by heating it with 
pyridine to the boiling point of the latter [ 19 ]. 
TN was purified by dissolving it in chlorobenzene and pouring the solu-
tion out over a column of aluminum oxide. The fraction that gave the stron-
gest blue fluorescence was received, after which the chlorobenzene was re-
moved by vacuum destination. 
TN thus obtained has a melting point of 385 0C. Further identification 
was attained by measuring the ultra-violet absorption spectrum which was 
identical to that given in the literature [ 21 ]. 
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2.2. Performance of the ESR experiments 
Negative ions of TN were prepared by reduction of TN with К or Na in a 
polar solvent in vacuo following standard methods [ 22 ]. As solvents were 
used: 2-methyltetrahydrofuran {MTHF), 1,2-dimethoxyethane (DME), die-
thylene glycol dimethyl ether (diglyme), triethylene glycol dimethyl ether 
(triglyme), tetraethylene glycol dimethyl ether (tetraglyme), diethyl ether 
(DEE) and liquid ammonia. Before use the solvents were dried by vacuum 
destillation and stored over Na/K alloy. 
The method employed for the preparation of negative aromatic ions in 
NH3 has been described by Brunner and Dörr [ 23 ]. Solutions of TN" in 
DEE were obtained after initial alkali metal reduction in DME, followed by a 
solvent change. 
ESR spectra were recorded with a Varian V 4502 X-band spectrometer 
equipped with a field dial and variable temperature control accessory. The 
magnetic field was measured with a proton probe, the klystron frequency was 
determined with an HP 5245 L counter with a 5255 A frequency converter. 
The lowest triplet state (phosphorescence state) of TN was measured 
after ultra-violet irradiation in MTHF at liquid nitrogen temperature with a 
Philips 500 Watt high-pressure mercury lamp. The light was filtered by a 
benzene solution and focussed on the sample by means of a quartz lens. A 
detailed description of triplet ESR experiments on glassy solutions of aroma-
tic molecules has been given by de Groot and van der Waals [ 24 ]. 
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C H A P T E R 3 
EXPERIMENTAL RESULTS 
3.1 TN' 
The spin hamiltonian K(S) of an electron with spin vector S in a 
magnetic field H is given by [ 25,26 ] 
3C(S) = g β H.S ( 1 ) 
in which g is defined as the ratio of the magnetic moment to the angular 
momentum of the electron spin, and in which β is the electronic Bohr magne­
ton. Since equation (1) gives rise to two electronic spin levels with alpha spin 
(irij = +1/2) and beta spin (m
s
 = -1/2), an ESR experiment on a free 
electron would result in a single resonance line whose position is determined 
by the resonance condition: 
h " = g ß Η ( 2 ) 
where h ι> is the energy of the incident microwave radiation and Η is the 
magnetic field strength. In an aromatic monoradical like TN' the spin vector S 
of the unpaired electron may interact with the spin vectors I¡ of the protons 
in the radical. ESR experiments on aromatic monoradicals in solution can be 
described with the following spin hamiltonian [ 26 ] 
3C(S) = g ß H.S + Σ A^ ^ S . b
 ( 3 ) 
i 
where A^  is the hyperfine splitting (hfs) constant which is a measure of the 
interaction energy between the unpaired electron and proton i. Since in the 
ESR experiments the resonance absorption is measured as a function of H, 
the hfs constants are expressed in magnetic field units (gauss). The second 
term of equation (3) causes the splitting of the single resonance line, deter­
mined by equation (2), into several hyperfine lines whose number is depen­
dent on the number of protons in the radical. 
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TN dissolved in MTHF, DME, diglyme, triglyme, tetraglyme, NH^ or 
DEE can be readily reduced with К or Na to its mononegative ion. The ESR 
spectrum of the green TN" solution is given in figure 1. 
Fig. 1. ESR spectrum of TN-. K+in DME at -40oC. 
Computer simulations proved that the exhibited hyperfme pattern can be 
assigned to contact interaction between the unpaired electron of TN" and 
three sets of six equivalent protons with hfs constants of 2.54, 0.98 and 0.63 
gauss respectively. The width between points of extreme slope of the hyper-
fine lines is 0.15 gauss. The total width of the spectrum is 24.8 gauss. 
This spectrum was obtained almost irrespective of temperature, solvent 
and reducing agent. One exceptional case was TN". Na + m DEE. At tempera­
tures below -100 0 C the spectrum of figure 1 was measured. At higher tempe­
ratures an additional hyperfme splitting appeared which was very sensitive to 
changes in temperature. Although the various spectra could not be analyzed, 
it is suggested that this additional splitting was caused by the interaction of 
the unpaired electron of TN" with the nuclear spin of the alkali counter ion 
Na+. Similar effects have been discovered by Atherton and Weissman [ 27 ] 
on a sodium naphthalene solution and have been observed since for many 
alkali ion-aromatic radical solutions [ 9,28,29 ]. 
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For obtaining more information on the electronic ground state of TN" 
saturation experiments were performed and the g-value was determined. To 
check the results analogous experiments were carried out for the mononega­
tive ions of naphthalene, anthracene, perylene, triphenylene and coronene. 
Saturation of the ESR spectrum occurs if the intensity of the incident 
microwave radiation is so high that the spin-lattice relaxation cannot compen­
sate the transitions induced by the microwave radiation [ 26 ]. In that case 
the two electronic spin levels become equally populated, so that the ESR 
spectrum collapses. Therefore paramagnetic systems which have a strong 
spin-lattice relaxation, are difficult to saturate [ 5 ]. 
Saturation of the TN" spectrum occurs at practically identical microwave 
power settings necessary to saturate the spectra of naphthalene", anthracene" 
and perylene", whereas the triphenylene" and the coronene" spectra are satu­
rated at much higher microwave power. 
The g-value of an aromatic radical can be obtained by applying equation 
(2) to the center of the ESR spectrum [ 26 ]. The g-value thus found for TN" 
is equal to 2.002698 ± 0.000006. This result was checked by measuring the 
g-values of naphthalene", anthracene', perylene" and coronene", which were 
found to be in good agreement with the values reported by Segal et al. [ 7 ]. 
The conclusions which can be drawn from the results of the saturation 
experiments and from the measured linewidth and g-value of TN", will be 
discussed in section 4.3. 
3.2 TN2" 
Prolonged reduction of the TN" solution with К or Na resulted in a color 
change to dark-green and to a marked decrease of the intensity of the ESR 
signal. The conclusion that TN had been formed, was confirmed by the fact 
that addition of TN to the solution resulted in a restoration of the original 
green color and in a monoradical ESR intensity of about twice the original 
maximum intensity of the TN" spectrum: 
TN" + К -»· TN2" + K + 
TN2" + TN -»· 2 TN" 
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Owing to the trigonal symmetry TN was expected to have a triplet 
ground state. Many attempts were made to measure a triplet spectrum of 
TN in rigid matrices of frozen MTHF, MTHF-DME, diglyme, triglyme or 
tetraglyme. However, in all cases TN did not show any triplet signal. Also an 
extensive search for broad triplet resonances [ 30 ] in liquid solutions (MTHF, 
DME, NH3, or diglyme) at temperatures between -100 0 C and +100 0 C did 
not give positive results. TN . 2M+ salts prepared by evaporation of the 
solvent from the TN solution, did not reveal any triplet signal in the tempe­
rature range of-200 0 C to +100 0 C. 
Analogous experiments on the dianions of triphenylene and coronene 
proved that triphenylene has a triplet ground state [ 9,13 ] and that coro-
nene has a thermally-accessible triplet state when dissolved in MTHF or 
when precipitated as a coronene . 2 M + salt [ 11,31,32 ]. 
From the experiments performed on TN it is concluded that this 
dianion is diamagnetic and that it cannot become paramagnetic by thermal 
excitation. An interpretation of these rather surprising results will be given in 
section 4.2. 
3.3 TN 3 -
On reducing TN with К in DME, diglyme, triglyme and tetraglyme the 
ESR signal intensity increased again until a maximum was reached. This re­
duction also resulted in a color change from dark-green to brown. On adding 
an increasing amount of TN to this solution the green color was restored and 
the ESR signal dropped to a minimum value after which the TN" spectrum 
appeared again. Then the intensity increased to a maximum value which was 
almost three times the original maximum TN" intensity. On the basis of this 
and of the interpretation of the hyperfine spectrum of the brown solution it 
was concluded that the last reduction step yielded TN 3 ' (cf. [ 33 ] ): 
TN2* + К -»· TN3" + К + 
TN3" + 2 TN -+ 3 TN" 
The hyperfine spectrum of TN is given in figure 2. A fairly good 
correspondence with the computer simulation was attained with three sets of 
six equivalent protons with hfs constants of 3.07, 1.26 and 0.62 gauss respec­
tively. The total width of the spectrum is 29.7 gauss. This spectrum was 
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obtained irrespective of solvent. While in diglyme the spectrum was indepen-
dent of temperature, in DME it was observed only at temperatures below 
-40 0C. At higher temperatures it was converted into a very irregular spec-
trum which could not be analyzed and which was tentatively ascribed to 
decomposition products. 
~^mji0g^ llíll^VwVvw^ 
Fig. 2. ESR spectrum of TN3". 3 K+ in DME at -40 0C. 
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The width of the hyperfine lines in the TN spectrum is 0.30 gauss, i.e. 
considerably larger than those in the TN" spectrum. Like the triphenylene" 
and the coronene" signals, the TN signal is much more difficult to saturate 
than the TN" signal. TN also shows a higher g-value than TN": 
2.002864 ± 0.000007. 
3.4 The phosphorescence state of TN 
An aromatic molecule can fall into its lowest triplet state (phosphores-
cence state) after being optically excited to a higher singlet state. Since the 
triplet-singlet transition probability is relatively smaU, the lifetime of the 
phosphorescence state is generally long enough to be detectable with ESR. 
Triplet ESR spectra can be measured on single crystals or in rigid glass solu-
tions. In the following experiments [ 13 ] TN was dissolved in a glassy matrix 
of MTHF at liquid nitrogen temperature. 
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Triplet ESR spectra of neutral aromatic hydrocarbons in glassy matrices 
have been studied very extensively by many authors [ 24,34-36 ]. The spectra 
are mainly characterized by two parameters, called zero-field-splitting (ZFS) 
parameters, which are given by 
D = Ι ¿β* ƒƒ / ( 1 , 2 ) r ' 2 ~ 5 3 Z ' 2 * ( і , 2 ) а г і а л (U) 
Гі 2 
E = I g2/32 ƒƒ / ( 1 , 2 ) У ' 2 ~ 5 * ' 2 Ψ Ο ^ ί ά τ , α τ , (5) 
D
 Гі 2 
where ψ is the orbital wave function common to the three triplet spin func­
tions. D can be considered as a measure of the mean distance between the two 
triplet electrons, whereas E represents the deviation from the threefold 
symmetry of the electron distribution in the triplet system. D and E are 
usually expressed in cm (1 gauss = 0.9351 χ 10 cm ). 
A triplet ESR spectrum consists of two parts: 
(i) "Διη = 2", often called the half-field signal. This part shows no depen­
dency on orientation. If the incident microwave direction is perpendicular to 
the direction of the magnetic field it has only one first-derivative peak 
[ 24,34 ]. The half-field signal of TN is given in figure 3. 
SO Gauss 
Fig. 3. The "Διη = 2" spectrum of the TN triplet state in MTHF at 
-196 0 C . 
12 
In this figure Hj^ jjj is the minimum value of the magnetic field at which 
resonance can occur. As has been pointed out by de Groot and van der Waals 
[ 24 ], one can calculate from H j ^ : 
D*= (D2 + 3 E 2 ) § = (І δ 2 - 3 g 2 0 2 H 2 . ) 
m m 
(6) 
where δ is the energy of the incident microwave radiation. With δ = 0.3039 
cm a value of 1503 gauss was found for Н
тт
, so that according to equation 
(6) D* is equal to 0.100 cm 1 
(ii) "Am = 1". It can be demonstrated [ 35,36 ] that this part of the 
spectrum contains peaks if one of the molecular х-, y-, or z- axes coincides 
with the magnetic field direction (see figure 4). 
200 Sill» 
Fig. 4. The "Am = 1" spectrum of the TN triplet state in MTHF at 
-196 0 C . 
The two outer peaks correspond to molecules oriented with their z-axis along 
the magnetic field direction. The D-value is half the distance between these 
peaks, i.e. 1070 gauss = 0.100 cm* . The two inner triplet peaks cor­
respond to x- and y- orientations. The x- and the y-peaks coincide, which 
means that TN has a zero E-value [ 35,36 ]. The results of the "Am — 1" 
and the " Δ m = 2" spectra are in very good agreement with each other. 
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The sharp peak in the center of figure 4 corresponds to monoradicals 
produced by the ultra-violet irradiation on the solvent molecules. The small 
peak on the low field side of this peak is probably a two-quantum transition 
[ 37 ], since its position agrees with the theoretical one calculated from the 
formula given by de Groot and van der Waals [ 37 ]: 
ι 
( δ 2 - ^ D ) 
d g Ρ 
Substituting the measured values of δ and D* in equation (7) we find for H J 
0.2985 cm which is equal to 3192 gauss. This is about 60 gauss lower than 
the central peak position (3250 gauss); this difference was also found experi­
mentally. 
The lifetime t of the phosphorescence state calculated from the decay 
time for the disappearance of the ESR signal after switching off the light, is 
1.9 sec. By studying many phosphorescent aromatic hydrocarbons Siebrand 
[ 38 ] found a linear relationship between log t and 
E 
— (Ν + Ν ) ( 9 ) 
η 
where E j is the energy difference between the lowest triplet state and the 
singlet ground state and where N ^ and No are the numbers of hydrogen and 
carbon atoms respectively, present in the molecule. If this relationship also 
holds good for TN, a value of 2.3 eV is found for E j . 
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C H A P T E R 4 
DISCUSSION 
4.1 Theory 
4.1.1 Hückel approximation 
In the Hückel approximation for aromatic systems [ 39,40 ] one as-
sumes that the π-electrons move independently of one another in a set of 
molecular orbitals (MO's) a,b which are taken as linear combinations of 
real atomic 2p
z
 orbitals (LCAO approximation): 
η 
X = Σ χ . φ. ( 9 ) 
1 1 
1 
where χ is one of the MO's a,b and where η is the number of carbon 
atoms in the system. 
The hamiltonian 5C(1) for electron 1 is taken as the effective hamil-
tonian of a TT-electron in the field of the other (both O- and 7F-) electrons and 
of the nuclei. The MO's have to be eigenfunctions of К 
JC(1) x ( l ) = Ε
χ
 х ( 1 ) ( Ю ) 
The energy values E
a
, EL,... corresponding to the MO's a,b,... can be deter­
mined from the so-termed secular equation: 
det(3f. . - E S . . ) = 0 ( j = 1 , . . . . η) (11) 
J-j J-j 
after which the corresponding coefficients Xj are determined from: 
η 
Σ (ЗС. . _ E S . . ) x . = 0 ( j = 1, . . . , n ) (12) 
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The hamiltonian matrix element Ж- and the overlap integral Sjj are defined 
by equations (13) and (14) and are approximated by equations (15) and (16). 
JC = ƒ φΛίΜ:)φ.(ί)α.τ
ι
 (13) 
-'•J •*• J 
Si,- = ƒ M l )*>,(! Mr, Ш 
α i f i = j 
ЭС. . = β i f С. ала С. a r e neighbors (15) 
i f C. and C. are non-neiffhbors 1 л ь О 
1 if i = j 
Sij = 0 i f i ¿ j ( 1 б ) 
The constants oc and β are empirical parameters called Coulomb and resonance 
integrals respectively. Since the eigenfunctions of JC are independent of their 
numerical values and since in the H'ick.i theory the orbital energies are usu­
ally written as ( a - Ε) β' , a further specification of α and β is not necessary. 
Also a modified Hückel approach was employed in which the resonance 
integral β.: was adjusted to the bond order variation in TN. The variation of 
β: with the Cj-C: bond length was assumed to be exponential [ 41 ] 
ßio=k2.5ß е х ^ - з ^ ) ( 1 7 ) 
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where β is now considered as the resonance integral in the symmetrical equili­
brium conformation of benzene [ 42 ]. The bond length Γ:: was determined by 
using the bond order-bond length relationship of Coulson and Golebiewski 
[ 4 1 ] 
r . . = 1.517 - 0 . 1 8 P. . ( i n Â) (18) 
The bond order P.- is defined as 
occ „, 
P . . = Σ 2x . x . (19) 
1 J
 χ
 1 J 
where the summation runs over all occupied MO's. 
4.1.2 Self-consistent field theory 
The weakness of the Hückel theory is that it does not include electron 
repulsion at all and that it assumes that the potential of an electron is inde-
pendent of the positions of the other electrons. As a consequence the energy 
of an electron in a given MO is independent whether the other MO's are 
occupied or not. In the self-consistent field (SCF) theory electron repulsion is 
taken into account explicitly. Ab-initio SCF calculations have been performed 
only for very small molecules and can certainly not be done for TN. In fact, 
several approximations have to be made to get the problem computable. As in 
the Hückel theory in most SCF calculations done so far on aromatic systems 
the LCAO π-electron approximation has been used. In this approximation the 
TT-electrons of an aromatic molecule or its ion are considered apart from the 
rest ((^electrons and nuclei), the latter being manifest only in the effective 
field in which the former move. 
The LCAO-SCF-MO theory has been developed by Roothaan [ 43 ]. 
Here only the main points of the theory will be presented. For more details it 
is referred to Roothaan's paper and to the works of Parr [ 44 ] and of Salem 
[ 45 ]. The hamiltonian F(l) of an electron is given by 
F ( 1 ) = h ( l ) + 2 J ( 1 ) - K(1) (20) 
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in which h(l) is the one-electron part of the hamiltonian for electron 1. J(l) is 
an operator representing the Coulomb interaction of electron 1 with all the 
other TT-electrons; K(l) is an operator representing the exchange interaction of 
electron 1 with all the other π-electrons. The Coulomb and exchange operators 
are such that 
OCC 2 
J ( 1 ) a ( l ) = [ Σ ƒ χ ( 2 ) | — x ( 2 ) d r 2 ] a ( l ) (21) 
Χ Γι 2 
OCC 2 
K(1) a ( l ) = Σ [/χ ( 2 ) — a ( 2 ) d T , l x ( l ) ( 2 2 ) 
Χ Γι 2 
Instead of equations (11) and (12) we now have to solve 
F . . = h . . + 2 J . . - K . . / 0 0 ч 
i j i j i j i j (23 ) 
d e t ( F . - - E S . . Ì - 0 ( j = 1, . · · ι n) (2k) 
η 
. Σ , ( F . . - E S . . ) x . = 0 ( j = 1, . . · , n) (25) 
1=1 i j χ i j ι 
The matrix elements Ь: were approximated in the same way as the elements 
5CJ: in the Hiickel theory (equation (15)). Since the diagonal elements h¡j do 
not affect the eigenfunctions and the relative orbital energies, they were taken 
for simplicity equal to zero. For the element h|j for two adjacent carbon 
atoms С: and C: a value of -2.371 eV was used as has been given by Pariser 
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[ 42 ]. Expressing χ in atomic orbitals we find for J¡j and KJ: 
J . . = 
occ „ 
r?s I X r x s " ^ ( D ^ j d ) ^ ^ ( 2 ) ^ ( 2 ) ^ , dr2 
(26) 
K. . = 
o c c
 * P 2 
Γ , 3 X T S 1 S Г 1 2 Г J 
(27) 
In the zero-differential-overlap (ZDO) approximation introduced by Pariser 
and Pan [ 46 ] and by Pople [ 47 J (PPP) we have 
( i ) S. . = δ . . 
i j i J 
e
2 
( i i ) ƒƒ *>.(1)V> (1) 7 — V.(2W (2)dTi dT2 = δ δ 7 , , 
1 Γ Γι 2 J S i r Jb i.J 
(28) 
in which Τ:; is the repulsion integral defined as 
7 · · = If φ2Αΐ) Ε—φ2Λ2)ατ
ι
 dr 2 (29) 
1J 1 Γι 2 J 
The values of γ=: were partly taken from Pariser [ 42 ] and partly calculated 
from the atomic distances in TN by using formula (75) of Pariser's paper. The 
repulsion integrals occurring in TN are given in table 1. 
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Table 1. Repulsion integrals (in eV) in TN. 
i 
3 
J 
1 
2 
8 
1U 
19 
20 
25 
26 
18 
30 
27 
21 
29 
28 
18 
12 
23 
IT 
9 
6 
3 
11 
U 
7 i j 
10.959 
6.895 
5.682 
1+.9T8 
3.82U 
3.390 
2.9^9 
2.836 
2.56З 
2.355 
2.2U2 
2.057 
I . 9 8 I 
1.9^6 
I.85O 
I . 7 2 I 
1.695 
I .652 
1.575 
I.U75 
^Λh6 
1 Λ 3 2 
1.285 
20 
From equations (19), (23), (26), (27) and (28) we find 
F . . = h . . + Σ. ρ 7 · + s Ρ · · Τ · · C?nì 
i l i l r ? i ^ г г i r 11 i l ^З0' 
F . . = h . . - Ι Ρ - · 7- · ( 3 1 ) 
i j 1J 1J 1 J 
The total hamiltonian of the system is given by [ 45 ] 
X = Σ h ( i ) + Σ | — (32) 
i i < j i j 
where the summation runs over all π-electrons. The hamiltonian matrix ele­
ment between the ground configuration and a singly-excited configuration 
к -*τη, in which к and m are any occupied and unoccupied MO respectively, 
is equal to [ 45 ] 
ƒ к * ( 1 ) F ( 1 ) m ( l ) d T i (33) 
If both к and m are eigenfunctions of F(l) with different energy values, this 
matrix element must be zero. Therefore, in a closed shell system singly-ex­
cited configurations do not interact with the ground configuration (theorem 
ofBrillouin[45 ] ). 
So far we have considered only closed shell systems, i.e. systems with all 
MO's either doubly occupied or empty. When we have an open shell system, 
e.g. one MO(£) singly occupied, the hamiltonian for electron 1 is 
F ' ( 1 ) = h ( l ) + 2 J , ( 1 ) - K»(1) (3k) 
21 
осе 
* - • e' J ' a ( l ) = [ Σ ƒ χ ( 2 ) ^ - x ( 2 ) d r 2 + 
X
 Γι 2 
J / ß * ( 2 ) ^ - í ( 2 ) d r a ] a ( l ) (35) 
Г 1 2 
ОСС 2 
К ' а ( 1 ) = Σ [ƒ χ * ( 2 ) ^ — a ( 2 ) d r 2 ] x ( l ) + 
X Г 1 2 
ІІП* {2) — a ( 2 ) d T 2 ] e ( l ) (Зб) 
Гі 2 
Comparison of equation (34), (35) and (36) with equations (20), (21) and 
(22) shows that F ' much resembles F, the only difference being a factor of 
one half in the contribution of the odd orbital fi to J 'and K'. For an open 
shell system with an unpaired electron in MO fi, the following three types of 
single excitation are possible: k-^fi, fi-^m, and к-»тп. For these three exci­
tations the hamiltonian matrix elements with the ground configuration are 
ƒ k * ( l ) F ' ( l ) f i ( l ) < l T i + 
l Sí Í * ( 1 ) * ( 1 ) • ^ - k * ( 2 ) £ ( 2 ) d T 1 d r 2 (37) 
Γι 2 
ƒ £ * ( l ) F , ( l ) m ( l ) d T 1 -
l Я £ * ( 1 ) Ϊ ( 1 ) ^ — ß*(2)m(2)dT1dr2 (38) 
Γι 2 
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ƒ k * ( l ) F ' ( l ) m ( l ) a T i (39) 
The one-electron part of (37), (38) and (39) is zero if k, ß and m are eigen-
functions of F'(l). The two-electron part of equations (37) and (38), however 
is generally unequal to zero, so that the eigenfunctions of F'(l) cannot be 
appropriate for describing the open shell system [ 45 ]. However, for energy 
calculations the error introduced is only small. The effect of singly-excited 
configurations to the energy of the ground state is much less than the effect 
of doubly-excited configurations. For spin density calculations the specific 
MO's are needed and large deviations may arise when the eigenfunctions of F' 
are used. In this case it is necessary to consider also the contributions of 
singly-excited configurations to the spin densities. 
Concluding, a proper SCF description of an open shell system may be 
obtained by using F' instead of F. The errors in energy and spin density 
calculations can be corrected by taking into account doubly· and singly-
excited configurations respectively. The procedure of the SCF calculation for 
open shell systems is almost the same as for closed shell systems, the only 
difference being the definition of the bond order. Instead of equation (19), 
which holds good only for closed shell systems, we must now use 
P . . = Σ λ χ ! χ . (ItO) 
ij χ χ ι j ν ' 
in which λχ is the number of electrons in MO x. With this definition of P:J 
both closed shell and open shell PPP SCF calculations can be performed. 
A PPP SCF calculation starts with a given set of MO's, e.g. Hückel MO's, 
after which the PJ: matrix is calculated with equation (40). From the PJ: 
matrix, the h :^ matrix and the 7¡j integrals (table 1) the FJ: (or Fj':) matrix is 
set up according to equations (30) and (31). The energy values and the MO's 
are then calculated from equations (24) and (25). With these new MO's again 
the PJ: matrix is calculated etc. The whole procedure is repeated until self-
consistency is reached, which means that the total energy does not change 
more than, say, 10 eV after another iteration. 
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4.1.3 Configuration interaction 
In the Hückel and SCF theories the ground state of a molecule or its ion 
is made up of only one configuration which consists of one or more Slater 
determinants describing the occupation of the various MO's by the electrons 
[ 48 ]. An MO occupied by an electron with beta spin is usually denoted by a 
bar. An MO without bar represents an alpha spin MO. 
The lowest m. = + 1/2 configuration of TN" is given by 
V1 '2 3 1 ) = Μ Τ 2 2 . . . . 15 f5 161 ( i t i ) 
in which MO 15 is the highest bonding and MO 16 the lowest anti-bonding 
MO as we will see in section 4.3. A better description of the ground state of 
TN" is obtained by inclusion of configuration interaction (CI) with excited 
configurations ψ^ in which one or more of the 31 π-electrons have been 
promoted to a higher MO. The wave function of the ground state then has the 
following form. 
Ψ = (1
 + | с * к Г * l * 0 + | c k * b ) (U2) 
In first order the coefficients c^ are given by 
\ = *ο* (3foo - V " 1 №) 
where JCQ^ is the hamiltonian matrix element < ψ0 IJC \ ф^ > between the 
configurations фп and ώ., which can be expressed in Hückel or SCF MO 
coefficients and in the Οί-, β- and 7-integrals (see references [ 44 ] and [ 45 ] ). 
4.2 The spin multiplicity of the ground state of TN 
In the Hückel and PPP SCF MO theories aromatic hydrocarbons with 
a three- or sixfold symmetry axis have a set of non-degenerate and a set of 
degenerate 7r-electronic energy levels [ 1,2 ]. In most cases the lowest anti-
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bonding level is twofold degenerate [ 2 ]. Examples of this are: benzene (B), 
triphenylene (Tp), coronene (C), 1,3,5-triphenylbenzene (Tpb) and deca-
cyclene (D). Taking into account electron correlation we may expect that the 
dianions of these molecules have a triplet ground state. В has not been 
prepared yet but of the other dianions of the molecules just mentioned triplet 
ground states have indeed been observed [ 8-13 ]. On the basis of this and of 
the fact that TN also has trigonal symmetry, a triplet ground state was ex-
pected also for TN ". However, the experiments described in section 3.2 have 
proved beyond reasonable doubt that TN has a singlet ground state. It is of 
interest to see if this unexpected result can be explained theoretically. 
Hiickel 
A Hiickel calculation on T N involves a diagonalization of a 30 by 30 
matrix which has been done with the aid of a computer. Taking a basis set of 
symmetry adapted functions the 30 by 30 matrix can be reduced into one 20 
by 20 matrix belonging to the E " representation of D j ^ and two 5 by 5 
matrices belonging to Aj and A'^ respectively. In table 2 the calculated anti-
bonding orbital energies are given together with the representations to which 
the MO's belong. 
Table 2. Energies of the Hiickel anti-bonding MO's of TN. 
MO Representation (a-E)ß 
16 
17,18 
19,20 
21 
22 
23,2l | 
25,26 
27 
28,29 
30 
Αϊ' 
E" 
E" 
Ai' 
Al' 
E" 
E" 
Ai' 
E" 
Ai' 
0.516 
O.528 
1.000 
1.183 
1.263 
1.325 
1.65U 
2.000 
2.287 
2.596 
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The energies of the bonding MO's are not given since they differ only in sign 
from the energies of the anti-bonding MO's due to the well-known pairing 
properties of alternant aromatic hydrocarbons [ 44,45 ]. It appears that the 
lowest anti-bonding level is non-degenerate, which is in contrast with most 
other alternant aromatic hydrocarbons with trigonal symmetry. According to 
this calculation the dinegative ion of of TN should have MO 16 completely 
filled (no CI included) which should give rise to a singlet ground state in 
agreement with experiments. 
However, it is not justified to say that the Hückel theory can completely 
interpret the experimental results on TN . The energy difference between 
the lowest anti-bonding levels is only -0.012 β. From this small energy differ­
ence a thermally-excited triplet state is predicted for TN as has been found 
for С in the solid phase or dissolved in MTHF [ 11,12,32 ], but such a 
triplet state was not observed for TN . 
Modified Hückel 
From the Hückel MO's the bond orders in TN were calculated with 
equation (19). The bond lengths were determined by using equation (18), 
after which the modified resonance integrals were calculated with equation 
(17). The results are summarized in table 3. 
І 
Table 3. Bond orders, bond lengths (in Â) and resAiance integrals in TN. 
The numbering of the carbon atoms has been given in table 1. 
i i P . . г . . ß.- ß " 1 
J
 i j i j i j 
1Λ09 0.96 
1.386 1.03 
i.ifi8 0.9U 
1.415 0.95 
1.3$T 1.00 
1.U2U 0.92 
1AU3 0.86 
1.U26 0.92 
1 
2 
8 
1U 
20 
26 
13 
25 
2 
8 
1U 
20 
26 
27 
lit 
26 
O.6OO 
О.725 
0.552 
О.568 
О.665 
0.514 
0.410 
О.5О5 
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On the basis of the new resonance integrals again a Hückel calculation was 
performed. The results of this calculation do not differ much from those 
obtained with the normal Hückel calculation, as can be seen in table 4. 
Table 4. Energies of the five lowest anti-bonding MO's of TN according to 
Hückel and modified Hückel calculations, given as (a-E)/?"1. 
MO Representation Hückel Modified Hückel 
16 Ai' 0 . 5 1 6 O.552 
I T , 1 8 E" O.528 0 .555 
19 ,20 E" 1.000 O.95O 
The lowest anti-bonding level is again non-degenerate and the energy differ-
ence between the lowest anti-bonding A'j and E" levels has become even 
smaller than with the normal Hückel calculation. 
SCF on TN 
According to a closed shell PPP SCF calculation on TN as described in 
section 4.1.2 the order of the lowest anti-bonding levels is even reversed so 
that the lowest anti-bonding level is now twofold degenerate (see table 5). 
Table 5. Energies (in eV) of the five lowest anti-bonding MO's according to 
an SCF calculation on TN. 
MO Representation Energy 
16,17 E" 9.3U5 
18 Aï' 9.^76 
19,20 E" 10.793 
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From this scheme a triplet ground state is predicted for TN , just as for Β , 
Tp ", С , Tpb and D , but this is fully in contrast with the experimental 
results. The problem now is that the rather crude Hückel approximation gives 
a better agreement with the experiments than the more sophisticated SCF 
theory. However, due to the very small energy gap between the lowest A'j and 
E" anti-bonding levels neither the Hückel nor the SCF calculation on TN can 
give a unambiguous answer whether TN has a singlet ground state, a ther-
mally-excited triplet state or a triplet ground state. The reason for this is the 
neglect of the presence of the two extra electrons in TN which may have a 
strong effect on the relative energies of the MO's 16, 17 and 18. 
SCF on TN2* 
In an SCF calculation on TN the effect of the two extra electrons is 
explicitly taken into account by means of equation (40). According to this 
calculation the order of the lowest anti-bonding levels is the same as in the 
Hückel approximation (table 6). 
Table 6. The energies (in eV) of the five lowest anti-bonding MO's according 
to an SCF calculation on TN . 
MO 
16 
17, 
19, 
18 
,20 
Representation 
Ai' 
E" 
E" 
Energy 
12. 
15-
IT-
.573 
.195 
,185 
The energy gap between the lowest anti-bonding levels is 2.622 eV. Owing to 
this large energy difference it is concluded that TN has a singlet ground 
state and a thermally-non-accessible triplet state which is in complete agree-
ment with the experimental results. So far CI, counter ion and solvent effects 
have been neglected. From comparison with other aromatic dianions [11,16] 
it appears that these effects are much too small to compensate such a large 
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energy difference. Furthermore, the lowest triplet state is usually not more 
stabilized by these effects than the lowest singlet state [ 11,12,16,17 ]. 
In this connection it is interesting to note that the dianion of сД,о-
tribenzotriphenylene, which much resembles TN, also has a singlet ground 
state [ 49 ]. In contrast to TN2" an open shell PPP SCF calculation here 
clearly predicts a triplet ground state. In this case, however, it is easy to 
demonstrate that the dianion cannot be planar, so that the non-planarity may 
lift the degeneracy of the lowest anti-bonding MO's. 
The results obtained for TN demonstrate that it sometimes may be 
very misleading to make predictions about the ground state of an anion (or 
cation) of a molecule on the basis of a calculation on the neutral molecule. 
For a proper description of an anion the effect of the extra electron(s) should 
not be neglected. 
•χ 
4.3 The degree of degeneracy of the ground states of TN" and TN 
The fact that the TN" spectrum is independent of temperature, solvent 
and reducing agent, except for the case of TN". Na+ in DEE, makes it reason­
able to ascribe it to the unperturbed TN" ion. Only in the most apolar solvent 
used (DEE) a counter ion influence dependent on temperature was notice­
able. Comparing this with ESR data of other aromatic anions [ 9,27,50 ], one 
notices that there the counter ion effects are much stronger, especially when 
the electronic ground state is orbitally degenerate [ 9 ]. Probably the counter 
ion influence on TN* is so small because TN" is a relatively large ion compared 
with other aromatic anions studied so far, while it may also be a reflection of 
the non-degeneracy of the electronic ground state of TN". 
The width of the hyperfine lines in the TN" spectrum is considerably less 
than the line widths in the ESR spectra of B', Tp" and C" [ 3,4,9,]. The very 
broad lines in the liquid solution spectra of the latter ions and the enhanced 
spin-lattice relaxation have been attributed to the orbital degeneracy of their 
electronic ground states. Although a satisfactory theory explaining this corre­
lation is still lacking, there is sufficient experimental evidence for this con­
clusion. Due to this strong spin-lattice interaction the ESR signals of B', Tp' 
and С are much more difficult to saturate than similar non-degenerate radical 
ions [ 5 ]. From the fact that the hyperfine lines in the TN' spectrum are 
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relatively narrow (0.15 gauss) and that the TN" signal is saturated at relatively 
low microwave power it is concluded that the electronic ground state of TN" 
is non-degenerate. 
This view is supported by the measured g-value. Stone [ 6 ] has shown 
that the g-values of aromatic non-degenerate radicals are linearly related to 
the energy level coefficient λ which determines the Hückel orbital energy E^ 
of the MO containing the unpaired electron (E^ = a + λ/3). Degenerate 
systems, on the other hand, give deviations from this linear relationship 
[ 6,7 ], attributed to enhanced spin-orbit interactions and Jahn-Teller distor­
tions [45,51 ]. In figure 5 the measured g-values of TN', TN 3 ' and Tp' are 
compared with results obtained by Segal et al. on a large variety of aromatic 
paramagnetic systems [ 7 ]. 
30 -
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Fig. 5. Deviations of the g-values of hydrocarbon radicals from the free elec­
tron value, plotted vs. the energy level coefficient λ 
It is seen that TN" lies very near the straight line, while the degenerate ions 
C", Tp* and, to a lesser extent, B" show marked deviations from this line. 
Concluding, there is sufficient experimental evidence to state that the 
ground state of TN" is non-degenerate. This result may seem rather surprising 
in view of the trigonal symmetry of TN and the behavior of other aromatic 
trigonal radical ions like B', Tp' and С A satisfactory explanation for this 
may be given on the basis of the Hückel calculation on TN and of an open 
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shell PPP SCF calculation on TN". According to the Hiickel calculation TN" is 
predicted to be non-degenerate (see table 2). The SCF calculation on TN, on 
the other hand, predicts a twofold degeneracy for TN" (table 5). As a conse-
quence the SCF calculation on TN gives a wrong picture not only for TN 
(see section 4.2) but also for TN". This is another support for what has been 
said at the end of section 4.2. 
According to the SCF calculation on TN" the order of the lowest anti-
bonding levels is the same as in the Hiickel approximation. However, the 
agreement of the Hiickel theory with experiments may be only accidental due 
to the very small energy difference between the lowest anti-bonding levels. 
The SCF calculation on TN" leaves no uncertainty about the nature of the 
ground state of TN". The energy difference between the lowest anti-bonding 
Aj' and E" levels is so large (see figure 6) that the ground state of TN" must be 
а 2д»· state, i.e. non-degenerate in accordance with the experimental results. 
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Fig. 6. Lowest anti-bonding levels in TN". 
(a) According to a Hiickel calculation with energies expressed in 
( Ε . α ) ί Τ 1 . 
(b) According to an open shell PPP SCF calculation (in eV). 
The width of the hyperfme lines in the TN spectrum is two times 
larger than in the TN" spectrum. In contrast to the TN" spectrum the TN 
spectrum is difficult to saturate as is the case with the ESR spectra of B", Tp" 
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and С Like for the latter ions its g-value deviates appreciably from the 
straight line given in figure 5. Hence it is concluded that the electronic ground 
state of TN is degenerate which was also found theoretically by Hiickel and 
SCF calculations on TN and TN . All calculations showed that the ground 
state of TN is a E" state. Since there is complete agreement between 
theories and experiments the electronic ground state of TN evokes no 
further discussion. 
4.4 Spin densities in TN" and in TN 
From the measured hfs constants A^  given in 3.2 and 3.4 we can derive 
3 
the spin densities p¡ in TN" and in TN at the carbon atoms carrying hydro-
gen atoms by using the McConnell relation [ 52 ] 
^ = Q P i (MO 
where ft is the spin density at carbon atom C, defined as the difference 
between the alpha and the beta electron density. Q is a proportionality con-
stant. In a previous pubUcation [ 14 ] the value of Q was taken equal to the 
total width (w) of the TN" and of the TN3" spectrum respectively. However, 
since there are carbon atoms which have no hydrogen atoms (13-18 and 
25-30), it is better to take [ 45 ] 
Q = T Ô S-öE №) 12 
Σ 
i=1 
P i 
w 
+ 
2k 
Σ 
i=i9 
p i 
For the calculation of Q the spin densities derived from SCF + CI calcula-
tions on TN" and TN were taken (see further). The Q-values thus obtained 
for TN" and TN are -23.5 and -35.6 gauss respectively. In first approxi­
mation P| can be determined from the MO containing the unpaired electron. 
In the Hiickel description of TN" this is MO 16 (table 2). Expressing MO 16 in 
atomic orbitals (equation (9)) we obtain 
P i = 16
2
. (U6) 
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As we have seen in section 4.2 the SCF calculation on TN gives a twofold 
degenerate lowest anti-bonding level (table 5). Assuming that the unpaired 
electron is equally divided over the two degenerate MO's 16 and 17, we have 
P. = Ніб2. + 17^) (UT) 
In table 7 the theoretical spin densities obtained from Hückel, modified 
Hückel and SCF MO's of TN are compared with experimental results. The 
numbering of the carbon atoms in this table (and also in tables 8-10) is the 
same as in table 1. 
Table 7. Spin densities in TN". 
Position 
1- 6 
7-12 
13-18 
19-21+ 
25-30 
Experimental 
0.027 
0.0h2 
0.10Θ 
Hückel 
0.022 
0.052 
0.001 
О.О78 
0.012 
Modified 
Hückel 
0.023 
O.O5O 
0.001 
О.О77 
O.OlU 
SCF 
0.022 
0.033 
O.OI6 
0.059 
0.037 
The assignment of the experimental spin densities is based on the theory. The 
use of modified Hückel MO's instead of normal Hückel MO's does not make 
much difference. The agreement with experiment is rather satisfactory for 
atoms 1-12, but a large discrepancy is found for atoms 19-24, especially when 
the SCF MO's of TN are used. This is not so surprising because in section 4.3 
we have seen that the SCF calculation on TN does not correctly predict the 
electronic ground state of TN". 
A better agreement with experiment is attained if CI is taken into ac-
count. Since the spin density operator is a one-electron operator, only singly-
excited configurations have to be considered. As we have seen in section 
4.1.2, there are three types of singly-excited configurations, all of which can 
make contributions to Pj. The method for calculating spin densities with CI 
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has been outlined in references [ 53 ] and [ 54 ]. They were calculated with 
first order CI (equation (42)) on the basis of the SCF MO's of TN" or TN3 '. 
The results of the calculation on TN' are presented in table 8. 
Table 8. Spin densities in TN" 
Position Experimental SCF TN" SCF TN" + CI 
1- 6 
7-12 
13-18 
19-2U 
25-30 
0.027 
O.OU2 
0.108 
0.021 
0.053 
0.001 
O.O78 
0.014 
O.OI7 
O.O56 
-0.010 
0.103 
0.001 
Comparing table 8 with table 7 we see that the spin densities obtained from 
the SCF calculation on TN" do not differ much from the Hückel spin den-
sities. However, CI has a strong effect and provides a good agreement with 
experiment for the atoms 19-24. 
-I 
The results of the spin density calculations on TN are summarized in 
tables 9 and 10. 
Table 9. Spin densities in TN3", 
Position 
1- 6 
7-12 
13-18 
19-2U 
25-30 
Experimental 
O.OI7 
0.086 
0.036 
Hückel 
0.022 
0.039 
0.011 
O.O61 
O.O52 
Modified 
Hückel 
0.024 
0.034 
O.OI6 
O.O56 
О.ОЗ6 
SCF TN 
0.022 
0.033 
O.OI6 
0.059 
0.037 
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The differences between the three calculations are only small. Note that the 
SCF TN spin densities in TN3" are the same as those in TN'. In both cases p^ is 
given by equation (47). 
Table 10. Spin densities in TN3" 
Position Experimental SCF TN3" SCF TN3" + CI 
1 - 6 
7-12 
13-18 
19-24 
25-30 
0.017 
0.086 
0.036 
0.019 
0 . 0 6 l 
O.OO7 
O.OU7 
0.033 
0.015 
0.070 
- 0 . 0 0 2 
0.051* 
0.031 
Owing to the large discrepancies between the theoretical spin densities given 
in table 9 and those of table 10, the assignment of the experimental spin 
densities becomes difficult. On the analogy of the results obtained on TN" 
they have been assigned on the basis of the SCF + CI calculation on TN ". 
On the whole the agreement between experimental and theoretical spin 
densities is better for TN" than for TN3". In both cases SCF and CI calcu­
lations are necessary for a satisfactory explanation of the observed hfs con­
stants. 
4.5 The energy and the ZFS parameters of phosphorescent TN 
In part II an extensive study will be made on the ZFS parameters and on 
the energies of aromatic triplet states. Therefore the calculation methods will 
not be outlined here. Only a few results are presented to illustrate the impor­
tance of CI for such calculations. 
Promoting one electron of TN from MO 15 to MO 16 the m
s
 = +1 
wave function of the triplet configuration ( A^) is 
Φι = | 1 Τ 2 2 14 i l 15 1 6 | ( ^ 8 ) 
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The D-value (equation (4)) calculated with this function was much too low 
compared with experiment (0.031 against 0.100 cm ). The calculated E j -
value was much too high (4.3 against 2.3 eV). From the E" (13,14) ->·Ε" 
(17,18) excitations four different configurations arise, one of which is a A^ 
configuration: 
ι 
Φι = 2"§ [ |1 1 2 2 .... 12 12 lU Л» 15 Γ5 13 l8| + 
И Τ 2 2 .... 12 12 13 13 15 15 lU 1Τ|] 
(U9) 
The SCF energy difference between the configurations φγ and ^2 i s о^У 
0.46 eV, so that a strong interaction may occur between φγ and Φ2· This is 
manifest in the wave function obtained after a second order CI calculation: 
Ψ
τ
 = 0 . 6 0 ψ1 + 0 . 8 0 Φ2 (50) 
This strong interaction results in a drastic change of the calculated D- and 
Ej-values: the D-value increases to 0.083 cm , while E j decreases to 3.2 eV. 
Considering the fact that only two configurations have been used for the 
calculation we may say that the agreement with experiment is not bad. For a 
better agreement further CI will be necessary. This will certainly have an 
effect in the right direction: it can be proved that for neutral alternant aro­
matic hydrocarbons the CI contributions to D of the most important excited 
configurations are always positive, while the contributions to E j are always 
negative. This point will not be pursued further since the primary aim was to 
illustrate the strong effect of CI between the two lowest triplet configurations 
on D and E j . 
The experimental zero Ε-value demonstrates that the electron distri­
bution has threefold symmetry in accordance with the D ^ symmetry of TN. 
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P A R T II CALCULATIONS ON THE DIANIONS OF TRIPHE-
NYLENEAND 1,3,5-TRIPHENYLBENZENE 
C H A P T E R 5 
TERM SCHEMES 
5.1 General considerations 
As has been said in chapter 4, alternant aromatic hydrocarbons with 
trigonal symmetry mostly have a twofold degenerate lowest anti-bonding level 
according to Hückel and SCF MO calculations. If the lowest anti-bonding 
level of a molecule is twofold degenerate, two possibilities arise for the multi-
plicity of the ground state of its dianion. The ground state can be either a 
singlet state (S = 0) or a triplet state (S = 1). From two MO's a and b 
three singlet states with different orbital wave functions can be constructed, 
while only one triplet state is possible according to Pauli's principle. In the 
one-electron approximation these states all have the same energy but this is 
no longer the case when electron correlation is taken into account. 
The two lowest anti-bonding MO's of triphenylene (Tp ) and of 
1,3,5-triphenylbenzene (Tpb ) belong to the E" representation of the D3U 
group. Taking the direct product we have [ 55 ] 
Ε" χ E" = A/ + AÍ + E' (51) 
It can be shown [ 55 ] that the Aj and the E' states are singlet states, while 
the A'2 state is a triplet state. The m^ = 0 wave functions and the relative 
energies corresponding to these states are given in table 11. 
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Table 11. Wave functions and relative energies of the states constructed from 
two degenerate MO's a and b (assumed to be real). 
S t a t e Wave f u n c t i o n R e l a t i v e e n e r g y 
V 2-h\*\ * |ъъ|) HJ
a a + Jbb)+ каЪ 
V 2-h\*\-\b*\) Ш^
 + J,,)- КаЪ 
1E. 2 - * < | а Б | - | г ь | >
 J a b + K a b 
3 A · г-^ІаБІ
 + |Sb|) J a b - K a b 
The energies are expressed in Coulomb and exchange integrals, J ^ and К
а
^, 
defined as 
J
ab =ff а ( 1 ) 2 І 7 7 Ъ ( 2 ) 2 d T l d T 2 (52) 
e2 
К
аЪ
 = Я
 а ( 1 ) Ъ ( 1 ) ~ - a ( 2 ) b ( 2 ) d r , d r 2 ( 5 3 ) 
It can be proved that in the ZOO approximation 
J
 β
 = J . . = J , + 2K . ( 5 ^ ) 
a a DD аЪ ab 
Since K
a
b is always positive, the A'2 state is the lowest state followed by the 
twofold degenerate E' state at an energy distance of 2 K ^ , while the Aj 
state lies 4 К ·, higher. This is in accordance with Hund's rule which states 
that in such cases the state with the largest total spin has the lowest energy. 
However, for predicting the multiplicity it is not sufficient to consider only 
39 
the lowest singlet and triplet configurations. As we have seen in chapter 4, CI 
may be very important. Its effects on the lowest triplet and singlet states are 
generally not the same, so that the relative energies may change. In the next 
sections we will consider the results of SCF and CI calculations on the energy 
schemes of Tp and of Tpb . 
There are, however, still other effects which might influence the relative 
2 1 
energies noticeably. In solutions of Tp or Tpb also counter ions are pre-
sent and these may disturb the electronic distribution in the aromatic dianion 
and, consequently, also its term scheme [ 11,12 ]. These effects will be dealt 
with in chapter 7. In the remainder of this chapter and in the next chapter we 
will consider the unperturbed Tp and Tpb ions assumed to be present in 
solutions of diglyme, triglyme and tetraglyme [ 9,10,13 ]. 
S .2 Results of earlier studies 
Murrell and Hinchliffe [ 17 ] carried out Hückel MO and CI calculations 
on coronene^" (C2"), Tp2 ' , Tpb2 ' and decacyclene2'(D2"). Theyfoundthat 
С , Tp and planar Tpb have singlet ground states, while skew Tpb and 
D have triplet ground states. Their results were nicely in agreement with the 
experimental data available at that time [ 8 ]. However, further experimental 
and theoretical studies during the past four years [ 9,11,15,16,31 ] have pro­
vided many facts pointing against their conclusions. Experimentally, both 
Tp and С were found to have triplet ground states when dissolved in 
glymes [ 9,11 ]. Theoretically, Murrell and Hinchliffe neglected a very impor­
tant CI contribution which stabilizes the lowest triplet state. Moreover, they 
did not consider at all the influences of the counter ions, which is necessary 
for comparison of the calculated and measured results. In addition, the use of 
Hückel instead of open shell SCF MO's might also give wrong results, cf. 
[ 15 ]. Therefore not too much value was attached to the results of their 
paper and it was decided to recalculate the energy schemes of Tp and of 
planar Tpb . The energy scheme of С has already been calculated by Jesse 
[ 30,31 ]. He found that the unperturbed С ion has a triplet ground state 
with an energy difference of 0.1 eV with the lowest singlet state. 
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5.3 The term scheme of Tp 2-
In order to calculate the term scheme of Tp an open shell PPP SCF 
calculation (see chapter 4) was performed. In figure 7 the energy levels are 
given together with the D^u representations to which the MO's belong. 
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Fig. 7. π-electronic levels in Tp 
calculation. 
according to an open shell PPP SCF 
If the bonding MO's are omitted, the п^ = 0 wave functions and the rela­
tive energies of the lowest triplet and singlet states can be obtained from table 
11 by substitution of a = 10 and b = 11. When no CI is included, the 
energy differences are equal to 2 
K 1 0 и is given by 
K J Q j j . In the ZDO approximation 
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Κχο и = _Σ_ 10. 1 1 . 10. 1 1 . 7 . . (55) 
1
 »J 
where 7^ represents the repulsion integrals given in table 1. K J Q J J was 
found to be equal to 0.104 eV, so that without CI the 3A% state lies 0.208 eV 
1 below the E' state. 
CI 
It has been found [ 17,31 ] that singly-excited configurations have 
little or no effect on the relative energies of the lowest triplet and singlet 
states. Therefore they were systematically neglected in the calculations. There 
are four types of doubly-excited configurations. 
(i) (E", E") *-+ (E", E " ) 
These excitations stabilize the lowest states almost equally [ 17 ] and since we 
are only interested in relative energies we will not consider them. 
(Ü) (E", E") <-• (A'i, A p or (Ε", E") <-• (A'j, A'{) 
These excitations stabilize only the A'i state and may therefore be very 
important for the term scheme. The hamiltonian matrix element between the 
ground A'j configuration (see table 11) and the excited configuration 
(10,11)-»-(12,12) is in the ZDO approximation equal to 2"1/2 
( κ 1 0 1 2 + κη 12). 
(iii) (E", E") «-* (E", A p or (E", E") •-»· (E", A^ ) 
Here only the E' state is stabilized. The hamiltonian matrix element between 
the ground E' configuration and the excited E' configuration 
(10,11) -»•(іг.М) is given by (ZDO) 
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i . J 
12. I l + . ( 1 0 . 1 0 . - 11.11 . h - . (56) 
i j i j i j i j 
(iv) (E", E") *-* (Α'{, AJ) 
These configurations can stabilize only the А^ state. Murrell and Hinchliffe 
asserted in their paper [ 17 ] that these can stabilize only the lowest singlet 
state. Since they .used the CU group instead of the Dgu group, no difference 
was noticed between these configurations and those of type (ii). However, in 
the Dß^ group A'2 configurations cannot mix with A'j configurations, so 
that configurations of type (iv) cannot stabilize the lowest A'j state. 
The stabilization of the lowest triplet state has been overlooked by 
Murrell and Hinchliffe. It was found that this stabilization is of the same 
order of magnitude as the CI contributions to the Aj and the E'states. The 
hamiltonian matrix element between the ground A^ configuration and the 
excited 3A'2 configuration (10,11) ^-(12,13) is given by (ZDO) 
Σ ( 1 0 . 1 1 . - 1 0 . 1 1 . ) ( 1 2 . 1 3 . - 1 2 . 1 3 . Î 7 . . (47) 
^ - ι J J 1 1 J J 1 ' i j Ml' 
The CI contributions of types (ii), (iii) and (iv) have been calculated up to 
first order, second order terms were found to be unimportant. The results of 
the calculations on Tp before and after CI are depicted in figure 8. 
-I 
It appears that the A'2 state has the lowest energy, while there is a large 
difference (0.35 eV) with the lowest singlet state. These results are markedly 
different from those obtained by Murrell and Hinchliffe. They found that the 
lA state lies 0.12 eV below the 3 A state and that the lE state lies 0.09 eV 
above the A state, where A and E are the representations of the C3 group 
[ 55 ]. The large discrepancies found can be well understood. With open shell 
PPP SCF MO's of Tp a higher value for KJQ J J was obtained than found 
by Murrell and Hinchhiffe using Hiickel MO's (0.104 against 0.08 eV). 
Furthermore, CI with configurations of type (iv) lowered the 3 A2 state by an 
amount of 0.27 eV and this stabilization has not been considered by these 
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Fig. 8. Term scheme of Tp z" before CI (a) and after CI (b). The relative 
energies are given in eV. 
authors. In section 5.5 the results of both calculations will be compared with 
the experimental data. 
5.4 The term scheme of Tpb2' 
Similar calculations have been performed on Tpb , which has also Dou 
symmetry. The SCF MO scheme is given in figure 9. 
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Fig. 9. TT-electronic levels in Tpb according to an open shell PPP SCF 
calculation. 
The lowest triplet and singlet configurations with m
s
 = 0 can be obtained 
from table 11 by substitution of a = 13 and b = 14 (closed shell MO's 
omitted). The exchange integral Kj^ ^ was found to be equal to 0.312 eV. 
The term scheme of Tpb on the basis of this integral is shown in figure 
10(a). The term scheme after CI with doubly-excited configurations (see 5.3) 
is given in figure 10(b). The CI contributions to the lowest triplet state are 
very small. 
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Fig. 10. Term scheme of Tpb^" before CI (a) and after CI (b). The relative 
energies are given in e V. 
Again the results are quite different from those obtained by Murrell and 
Hinchliffe [ 1 7 ] . They found that planar Tpb must have a singlet ground 
state. Nevertheless, already in 1963 Jesse et al. [ 8 ] measured a triplet spec­
trum of Tpb . Murrell and Hinchliffe attributed this spectrum to a skew 
conformation of Tpb since the latter should have a triplet ground state 
according to their calculations. The present results, however, clearly predict a 
triplet ground state for planar Tpb , the energy difference with the lowest 
singlet state being 0.35 eV. 
5.5 Comparison with ESR experiments 
ESR experiments performed by van Broekhoven [ 9,10,13 ] have proved 
that both Tp and Tpb have triplet ground states irrespective of counter 
ions, solvent molecules and temperature. Although it is impossible to measure 
® 
ν 125 
062 065 
035 
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on the completely unperturbed Tp " and Tpb " ions, it is obvious that these 
also will have triplet ground states. Further ESR studies on Tp and Tpb 
have demonstrated that in glymes no counter effects could be measured 
[9,10,13 ]. In addition, it has been shown that perturbations usually lower 
the energy of the lowest singlet state with respect to the energy of the lowest 
triplet state [ 11,16 ]. Since van Broekhoven observed triplet ground states 
both for strong perturbations (e.g. in MTHF) and for weak perturbations (in 
glymes), it is concluded that experimentally Tp and Tpb have triplet 
ground states. 
Assuming Tpb to be planar - there is no reason why it should not - we 
see that the experimental results obtained by van Broekhoven cannot be 
explained by the calculations of Murrell and Hinchliffe (see 5.2). On the 
contrary, the results of the calculations discussed in 5.3 and 5.4 provide a 
proper explanation for the observed data. Concluding we may say that both 
theoretically and experimentally Tp and Tpb have triplet ground states. 
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C H A P T E R 6 
ZFS PARAMETERS 
6.1 Genoa! theory 
The spin hamiltonian JC(S) of two electrons in a triplet state in the 
presence of a magnetic field H is [ 26 ] 
3f(S) = g β H. ( S . + S Î ) + g 2 0 2 [ ä ! f § 2 - _ 3 ( 8 . . r ) (S , . г )
 ] 
г г 
(58) 
-f -f 
where Si and So represent the spin vectors of the two electrons and where г is 
in the inter-electronic distance. Since the two electron spins are correlated, it 
is convenient to express К (S) in terms of the total spin S with components 
S
x ) S y ) a n d S z : 
3C(S) = g ß H.S + 
¿β*[ Σ S2, ^ і і - 3 Σ S.S. Ц-] 
i» j=x,y»z 
(59) 
By taking the avarage over all possible positions Γι and Г2 of the two electrons 
and by going from the laboratory coordinate system to the molecular coor­
dinate system with the z-axis perpendicular to the aromatic plane, 3C(S) is 
transformed into 
X{S) = g β H.S + D(S 2 - 4 S2 ) + E(S 2 - S2 ) (60) 
With this spin hamiltonian ESR experiments on aromatic triplet systems can 
be interpreted. The theoretical values of the zero-field-splitting (ZFS) para­
meters D and E have been given in equations (4) and (5). Calculations of D 
and E involve determination of the best possible π-electron wave function for 
the lowest triplet state and evaluation of the rather complicated two-electron 
many-center integrals which occur in D and E. 
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6.2 Method of calculation 
During the past ten years many methods have been presented in the literature 
for calculating ZFS parameters. A good survey of this matter has been given 
by Thomson [ 56 ]. In the following calculations the semi-empirical approach 
introduced by van der Waals and ter Maten [ 18 ] was used, which will be 
discussed below. 
If the two unpaired electrons occupy the real MO's a and b and if the 
triplet ground state can be represented by only one Slater determinant, the 
triplet wave function with m = 1 is given by 
Φο = [XiXi X
n
 X
n
 a b | (
б 1 ) 
where Xj,....,X^ are doubly-occupied MO's. Since closed shells do not contri­
bute to D and E [ 57 ], the results will not be altered if we write for I/'Q 
ι 
Ψο = | a Ъ | = 2 " 5 [ а ( 1 ) Ъ ( 2 ) - Ъ ( 1 ) а ( 2 ) 1 ' (62) 
Substitution of equation (62) in the expectation values of D and E (equations 
(4) and (5)) and the use of the LCAO approximation (equation (9)) gives 
( 5 ) = Ì IS [ Σ a. V . ( l ) Σ b . φ. (2) -
E
 i χ χ . j j 
Σ b φ ( 1 ) Σ a φ (2) ] ' ф d r , d r 2 (бЗ) j J J i ι ι E 
in which 
D = Ì g2/32 Г Ь Г 3 Z ' 2 (61*) 
Гі 2 
Ё = Ι ¿β* У" - * " (65 ) 
Гі 2 
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It has been shown [ 18 ] that, within a good approximation, three- and four-
center integrals may be neglected because of their small numerical values and 
because they occur in the expressions of D and E with alternating sign. 
Neglect of these three- and four-center integrals and rearrangement of the 
various terms reduces equation (63) to 
Φ = Л.
 ( а
Л -
a j bi ) 2 &V ( 6 б ) i < j * * * * i j 
in which 
(Jij) = SI < · ( ΐ ) φ Ψί.(2)α.τ
ι
α.τ2 -
1 J
 _ (67) 
ff * . ( 1 ) * . ( 1 ) ( с ) V . ( 2 ) ^ . ( 2 ) ^ , ^ 2 
There have been many discussions in the literature about the computation of 
these integrals [ 18,56,58-62 ]. It is impossible to get exact values for D- and 
Ejj since the exact atomic wave functions φ j are not available. Capello and 
Pullman [ 62 ] showed that the use of classical Slater or Gaussian atomic 
orbitals may give erroneous results. In particular the ortho integrals were 
found to be very sensitive to the precise form of the atomic orbitals. 
Another complication was the so-termed a - ir interaction. If only π-elec-
trons are considered, the two triplet electrons can never be on the same 
carbon atom (Pauli's principle) and hence no one-center integrals appear in 
the ZFS calculations. However, the occurrence of ESR hyperfine spectra of 
aromatic radicals indicates that the interactions between σ-electrons and тг-
electrons may not be neglected [ 52 ]. Therefore also configurations have to 
be considered where an excitation has taken place of an electron in a bonding 
σ-orbital to an anti-bonding σ-orbital of a C-C bond or a C-Η bond. As in 
these configurations the two triplet electrons may be simultaneously on the 
same atom, a small amount of σ - тг interaction can make considerable contri­
butions to the ZFS parameters. 
Van der Waals and ter Maten [ 18 ] showed that the a - π interaction can 
be accounted for by changing the ortho Dj:- and E—integrals. Regarding the 
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uncertainties in the ortho integrals they proposed semi-empirical values for 
these integrals, thus automatically including σ - π interaction. The other inte­
grals were calculated by using Slater or Gaussian atomic orbitals and were 
found to be in good agreement with other calculations [ 60 ]. With this set of 
integrals van der Waals and ter Maten obtained very good agreement with the 
experimental D-value for various neutral aromatic triplet molecules like 
naphthalene, anthracene, phenanthrene and triphenylene. The agreement of 
the Ε-value was in most cases not so good but still the right order of magni­
tude was predicted. Also Brinen and Orloff [ 63 ] did many successful ZFS 
calculations on neutral aromatic triplet systems by using the same integral 
values. 
Therefore it was decided to use the same values for the ZFS calculations 
on Tp and Tpb . If the x- and the y-axis are choosen in the molecular 
plane, Dj· is independent of the direction of the Cj - C: bond, whereas E-j 
depends on the angle 0^ of this bond with the y-axis: 
E . . = E ! . c o s 2a. . (68) 
The Djj- and Ej'j-values used for these calculations, were taken from references 
[ 18 ] and [ 60 ] and are given in table 12. 
Table 12. Two-center integrals (in cm ) occuring in Tp. The numbering of 
the carbon atoms is given below the table. 
j 
2 1  
1 8 
ι iU 
1 18 
1 12 
1 IT 
1 9 
1 6 
1 11 
1 3 
1 k 
0.155 
О.Обі 
0.01+3 
0.021 
O.OI5 
0.010 
0.009 
0.007 
0.005 
0.00U 
0.00k 
0.200 
0.0ТТ 
O.O52 
0.02І+ 
0.01T 
0.011 
0.010 
0.00T 
0.005 
o.ook 
0.003 
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For the coefficients a;, b;... in equation (66) for instance Hiickel MO's can be 
used. From the arguments given in chapter 4 it is clear that better results are 
to be expected from the use of open shell PPP SCF MO's. A further impro­
vement can be attained by taking into account CI [ 15,16,18 ]. As has been 
pointed out in section 4.1.2, the contributions of singly-excited configura­
tions can be neglected when SCF MO's are used. Also the contributions of 
doubly-excited configurations with more than two singly-occupied MO's can 
be neglected because they tend to cancel each other out [ 18,64 ]. Thus only 
doubly-excited configurations with just two singly-occupied MO's have to be 
considered. During the calculations on Tp and Tpb the second order CI 
contributions were found to be small compared with the first order CI contri­
butions. 
The method for the CI calculations has been indicated in section 4.1.3. 
If ф^ is a doubly-excited configuration represented by 
Ф
к
= jxix, . . . . x
n
x
n
 с a | (69) 
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the hamiltonian matrix element JCQ^ between I//Q (equation(61)) and ^ is 
given by 
3C
nv
 = ff а ( 1 ) Ъ ( 2 ) ^ — c ( l ) d ( 2 ) c L T , d T 2 -Ok r i 2 
- 2 
ƒƒ a ( l ) b ( 2 ) d ( l ) c ( 2 ) d T , d T 2 
Гі 2 
(TO) 
Using the LCAO-ZDO approximation we find 
К = Σ ( a . b . - a . b . ) ( c . d . - c d . h . . ( T 1 ) 
On calculating the ZFS parameters on the basis of the improved wave func­
tion it was found that the second order contributions to D and E were 
negligible, partly because the coefficients c^ are small compared with CQ, 
partly because the matrix elements of Û and E between two excited configu-
rations are small compared with < I^ Q ID I I/ZQ > and < ^Q | E | ^Q >. For 
the calculation of the first order contributions to D and E the matrix ele-
ments of D and E between I^ Q and i//^  have to be known. It is easy to see that 
these matrix elements can be evaluated in the same way as JCQJ.: 
< *o Φ К > = 
Σ ( a . b . -
i < j ι J 
(72) 
The CI calculations were restricted to excited configurations differing less 
than 20 eV from the ground configuration. 
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6.3 The ZFS parameters of the unperturbed Tp ion 
The triplet ESR spectrum of the unperturbed Tp ' ion shows a zero 
E-value [ 9,10,13 ] corresponding to the trigonal symmetry of Tp. Therefore 
only D has to be calculated. 
By using Hückel MO's without CI a D-value was obtained which was 
much too high compared with experiment. The use of open shell PPP SCF 
MO's instead of Hückel MO's did not lead to better agreement with the 
experimental D-value. In both cases the D-value obtained was much too high. 
This contrasts with neutral aromatic triplet systems for which calculations on 
the basis of Hückel or SCF MO's without CI usually gave too low D-values 
[18,59]. 
Markedly better results were obtained from a CI calculation on the basis 
of the open shell SCF MO's of Tp2". In column two of table 13 the coeffi-
cients CQ and c^ are given for the various configurations which contribute to 
the lowest triplet state. In column three the contributions to D are given. The 
first entry in column three gives the zero contribution CQ < \pQ | D | ^ n > , 
the subsequent entries the first order contributions 2 CQ c^ < I/ZQ | D | ^ > . 
It appears that the zero order contribution is still the most important. By far 
the largest CI contribution comes from the interaction between the configura-
tions 110 111 and 112 13 I . The final results of the calculations are sum-
marized in table 14 together with the experimental values obtained by van 
Broekhoven et al. [9,10,13 ] on solutions of Tp in glymes. 
Compared with the results obtained on neutral aromatic triplet systems 
[ 18,63 ] and on coronene [ 12 ] with the same calculation method, the 
agreement of the SCF -I- CI calculation with experiment is fairly satis-
factory. The results support the idea that Tp is not perturbed by counter 
ions when dissolved in solvents like diglyme. 
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Table 13. Contributions of the various configurations of Tp to the lowest 
triplet state and to D (in cm"1). Only the singly-occupied MO's are 
given. For the numbering of the MO's see figure 7 in section 5.3. 
Configuration Coefficient с Contribution to D 
0.978 
-0.201 
0.002 
0.019 
-0.005 
-0.050 
-0.015 
-0.013 
0.013 
0.01+90 
-0.0117 
-0.0001 
-O.OOOU 
-0.0001 
-0.0023 
-0.0005 
-o.oooU 
-0.0002 
Table 14. ZFS parameters (in cm"1) of Tp 2" 
C a l c u l a t i o n E 
Hückel MO's 
SCF MO's 
SCF MO's + CI 
0.052 
0.051 
0.033 
0 
0 
0 
Experiment 0.029 
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6.4 The ZFS parameters of the unperturbed Tpb ion 
In contrast to Tp here a strong dependence was found on whether 
Hiickel MO's or triplet SCF MO's of Tpb 2 ' were used. CI with doubly-excited 
triplet configurations with just two singly-occupied MO's did not have much 
effect if triplet SCF MO's were taken. Apparently the electron correlation is 
already well accounted for in the SCF approach of Tpb . This contrasts with 
the Tp case where neither the Hiickel nor the SCF theory gave good results 
and where CI was necessary to obtain a good agreement with experiment. 
This difference was also found when the terni schemes of Tp and 
Tpb were calculated (see sections 5.3 and 5.4). For Tp , CI had a strong 
effect on the energy of the lowest triplet state (figure 8), while the energy of 
the lowest triplet state of Tpb was hardly affected by CI (figure 10). 
In table 15 the results of the calculations are given together with the 
experimental values measured in glymes [ 10,13 ]. For comparison the results 
of Tp are included. 
Table 15. ZFS parameters (in cm"1) of Tpb2" and Tp 2" 
C a l c u l a t i o n 
Hiickel MO's 
SCF MO's 
SCF MO's + CI 
E x p e r i m e n t 
D 
ТрЪ 
О.ОЩ 
0 . 0 2 8 
0 .029 
0 . 0 3 2 
T P 2 " 
0 . 0 5 2 
0 .051 
о.озз 
0 . 0 2 9 
2 -
ТрЪ 
0 
0 
0 
0 
E 
T P 2 " 
0 
0 
0 
0 
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Again good agreement is found between the SC F + CI calculation and the 
experiment, so that also Tpb ' can be considered as being unperturbed when 
dissolved in glymes. From the results obtained for Tp and Tpb we may 
conclude that the semi-empirical D calculation as proposed by van der Waals 
and ter Maten for neutral aromatic triplet systems, can be applied equally well 
to aromatic triplet dianions. 
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C H A P T E R 7 
COUNTER ION EFFECTS 
7.1 Counter ion effects on aromatic systems 
In solutions of aromatic dianions also counter ions are present which 
may disturb their electronic properties. In many optical and ESR experiments 
on aromatic dianions significant counter ion effects have been observed 
[ 9-13,65-67 ]. To describe such systems properly it is therefore necessary to 
take into account the perturbations caused by the counter ions. 
Several authors [ 12,65,66,68 ] have dealt with these effects by using a 
perturbation operator accounting for the interactions between the counter 
ions, represented as point charges, and the aromatic anions. Configurations of 
the unperturbed anions were constructed from Hiickel MO's and then the 
interactions were considered between these configurations under influence of 
the total hamiltonian including the perturbation operator. 
Another method is based on studies of McClelland [ 69 ] and Reddoch 
[ 70 ]. In this method the counter ions are again represented as point charges 
but now their effects are considered as forming part of the effective hamil­
tonian (cf. section 4.1), on the basis of which Hiickel, SCF and CI calcu­
lations can be performed. 
Preliminary calculations with both methods showed that they lead to 
nearly the same results. Only for computational advantages the second 
method was choosen for the following calculations. The effective hamiltonian 
in this method is given by 
JO = π - J - (73) 
where JCis the usual effective hamiltonian (see section 4.1.1) and where 
2 
- j - represents the electrostatic attraction of the counter ion and the aromatic 
TT-electron system. For the hamiltonian matrix element ЭС': between two 
atomic 2p
z
 orbitals ^ and ώ we now have instead of equation (13) 
XI = X - ƒ „ ( 1 ) ^-φ ( l ) d T i (TU) 
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in which Щ: is defined by equation (13) and approximated by equation (IS). 
McClelland [ 69 ] showed that in good approximation 
/ ^ ( O f , ( , ) » , . - _ ä L - s (75) 
iM jM ü 
in which ry^ is the distance of the carbon atom Cj to the counter ion M and 
where Sj· is the overlap integral defined by equation (14). In the Hückel 
approximation for aromatic systems S-j is approximated by equation (16). 
For considering the interaction between a counter ion and an aromatic anion 
also overlap integrals between neighboring carbon atomic 2pz orbitals are 
taken into account. Instead of equation (16) we then have 
1 i f i = j 
S. . = 0 . 2 5 i f С and C. a r e n e i g h b o r s [1*81 (76) 
i j 1 J 
0 i f C. and C. a r e n o n - n e i g h b o r s 
1 J 
From equations (15), (74), (75) and (76) we find 
J C ! . 
1 1 
JC! . 
1 J 
= 
α 
ß 
e2 
Г
ІМ 
0.50 
2 
e 
ІМ jM 
(77) 
(78) 
where C¡ and C¡ are neighboring carbon atoms. If C- and Cj are non-neigh-
boring carbon atoms, JC is equal to zero. The extension for the case of an 
aromatic dianion perturbed by two cations Mj and M2 is straightforward: 
XI. = α - — - - S Ì - (79) 
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ЭС! · = ß - 0.50 J - 0.50 — (80) 
1 J Г
ІМі jMi iM2 jM2 
From the new hamiltonian matrix Hückel type MO's can be constructed after 
which SCF and CI calculations can be performed as outlined in section 4.1. 
Obviously, the matrix elements K» and ¡KJ· are strongly dependent on 
the cation positions with respect to the aromatic dianion. Since there are no 
experimental data available concerning the structures of these systems in 
solution, several probable positions have to be considered. It will be shown, 
however, that only for certain positions satisfactory explanations can be given 
for the ESR experiments on Tp and Tpb when dissolved in MTHF or 
MTHF/glyme mixtures. 
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7.2 Counter ion influence on the term schemes of Tp and Tpb 
Measurements by van Broekhoven [ 13 ] of the ESR signals of Tp and 
Tpb as a function of temperature have proved that both Tp and Tpb 
have triplet ground states irrespective of solvent, counter ion and tempera-
ture. 
On the other hand. Glasbeek et al. [ 11,12 ] observed a triplet ground 
state for coronene when dissolved in diglyme, whereas a singlet ground state 
with a thermally-accessible triplet state was found for the crystallized form of 
coronene [ 32 ] and for solutions of coronene in DME, THF and MTHF 
[11-12]. For the explanation of these surprising results it was assumed that 
in diglyme the perturbation by the counter ions is only weak, while in the 
other solvents just mentioned the counter ions disturb the electronic distri-
bution in coronene in such a way that the lowest triplet state no longer 
remains the ground state. Calculations by Glasbeek supported these assump-
lions. The unperturbed coronene was found to have a triplet ground state 
[ 3 1 ] , while for various non-trigonal anion-cation arrangements the lowest 
singlet state fell below the lowest triplet state [ 11-12]. 
It is now of interest to investigate if the experimental results on Tp 
and Tpb can also be explained theoretically and to see what the implica-
tions are of the absence of measurable counter ion effects on the term 
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schemes of Tp and Tpb . Various models of Tp .2 M+ and Tpb .2 M+ 
have been studied. Some restrictions have been made for the positions of the 
cations: 
(i) One cation is placed above and the other below an aromatic ring because 
then the electrostatic attraction to the aromatic system is strongest and the 
cation - cation repulsion is smallest. 
(ii) The minimum distance to the aromatic plane is taken as 2 A. A closer 
approach will be very unlikely in view of the cationic radii and the "van der 
Waals radius" of an aromatic ion [ 71 ]. 
It was found that for all models of Tp . 2 M + studied the lowest triplet 
state lies more than 0.3 eV below the lowest singlet state. Experimentally 
[ 13 ] Tp has a triplet ground state and a thermally-non-accessible singlet 
state, so that there is complete agreement between theory and experiment. 
However, from these results no conclusions can be drawn for the structure of 
Tp .2 M+ since the agreement holds good for all possible cation positions. 
A different situation was found for Tpb . When the cations are near the 
trigonal axis of Tpb , the ground state is a triplet state irrespective of the 
cation distance to the aromatic plane. If, however, they are located above and 
below one of the three outer rings, the lowest singlet state may fall below the 
lowest triplet state. In these arrangements the symmetry is reduced from D^u 
to С2У By this distortion the lowest E' state (see figure 10) is split into a 
Bj and a Aj state, where Bj and Aj are representations of the C^y group 
Í 55 ]. Strong mixing may now occur between this Ai state and the near-by 
A1 state resulting in a considerable descent of the lowest Aj state with 
respect to the lowest triplet state. 
On carrying out SCF calculations on these conformations of 
Tpb .2 M+ it was found that the orbital energy difference between the 
lowest anti-bonding MO's 13 and 14 varies from 0.37 to 0.75 eV for cation-
aromatic plane distances of 3 Â and 2 Â respectively. Owing to this large 
energy difference the lowest singlet state is then well described by a single 
Slater determinant in which MO 13 is doubly occupied: 
фСк^) = |1 Τ 2 2 12 12 13 13 | (8l) 
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This implies that almost equal mixing has occurred between the two lowest 
A. configurations. Figure 11 shows what might be the effect of cation 
2-perturbations on the term scheme of Tpb ". 
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Fig. 11. Qualitative term scheme of the lowest triplet and singlet states of 
Tpb . (a) and (b) correspond to the unperturbed Tpb (no CI in-
cluded) under Озь and С^ч symmetry respectively, (c) corresponds 
to perturbed Tpb^' after equal mixing of the two lowest Aj states. 
The bonding MO's (all doubly occupied) have been omitted in the 
determinant functions. 
As has been argued before, a situation as depicted in figure 11(c) did not 
"J 'У 
occur for Tp . On the contrary, for Tpb this situation was found for 
several non-centric conformations. When the cations are above and below the 
1 4 
same outer ring, the lowest Aj state lies lower than the lowest Bj state by 
an amount varying from 0.6 eV (for 3 Â distance) to 1.4 eV (for 2 Â). Hence 
these non-centric conformations would lead to a singlet ground state and a 
thermally-non-accessible triplet state, which is fully in contradiction with 
ESR experiments [ 10,13 ]. 
Concluding, while for Tp agreement between theory and experiment 
was obtained for all kinds of conformations, for Tpb " this is only the case 
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when the cations are located above and below the aromatic plane in the 
neighborhood of the trigonal axis of Tpb . 
7.3 The ZFS parameters of the perturbed Tp2" ion 
When the experimental ZFS parameters of Tp with K+ as counter ion 
in MTHF are compared with those found in glymes [ 9,10 ], some interesting 
effects appear (table 16). 
Table 16. Experimental ZFS parameters (in cm ) of Tp . 
S p e c i e s D E 
2- + 
Tp .2 К , diglyme 0.029 0 
Tp2~.2 K+, MTHF 0.01*6 0.009 
In the first place we notice a drastic change of the D-value going from diglyme 
to MTHF. The most striking effect, however, is the change of the Ε-value. The 
non-zero Ε-value in MTHF points to a distortion of the trigonal symmetry in 
the spin distribution of Tp . In considering these strong effects the counter 
ions present in the solution were assumed to be responsible for this. In the 
poorly solvating MTHF the Tp ions apparently are not free but associated 
with the counter ions. It is then tempting to ascribe the triplet spectrum 
obtained in MTHF to triplet ion triples of Tp2 '.2 M+. This idea was tested 
theoretically by carrying out ZFS calculations on several conformations of 
Tp2_.2 M+. 
In order to explain the non-zero Ε-value at least one of the cations must 
possess a non-trigonal position. When only one cation was placed in such a 
position, the observed ZFS parameters could not be accounted for. The dis­
tortion of the trigonal symmetry was not strong enough to have such large 
effects on the ZFS parameters as were experimentally observed. Therefore 
both cations were placed in non-trigonal positions, above and below the outer 
rings of Tp *. Some of these conformations are depicted in figure 12. 
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Fig. 12. Some conformations of the ion triple Tp . 2 M +. 
First the Hiickel type MO's of these conformations were calculated as out­
lined in sections 7.1 and 4.1.1, after which open shell SCF MO's were con­
structed (see section 4.1.2). On the basis of these MO's the wave function of 
the lowest triplet state was formed in which CI with doubly-excited configu­
rations was taken into account. Then the ZFS parameters were calculated 
according to the semi-empirical method discussed in section 6.2. The results 
are presented in table 17. 
Table 17. ZFS parameters (in cm"1) of Tp 2 \2 K + in MTHF. 
C a l c u l a t i o n E 
Model 1 
Model 2 
Model 3 
0.038 
0.0lt2 
O.OUT 
0.001 
0.003 
0.005 
Experiment 0.0І+6 0.009 
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Table 17 shows that models 2 and 3 of figure 12 give the best agreement with 
experiment. The results support the concept of ion triples. The large increase 
of the D-value going from diglyme to MTHF is well accounted for. The 
calculations suggest that Tp .2 K+ is a contact ion triple arranged as in 
models 2 and 3 with a cation-aromatic plane distance between 2 A and 3 A. 
The relative deviation in the Ε-value may seem rather large but the 
calculated Ε-values must be considered as a rough estimate of E, because E, in 
contrast to D, is very sensitive to the precise configurational mixing [ 18 ]. 
Godfrey et al. [72] showed that improved Ε-values for neutral aromatic 
triplet systems can be obtained by including the three- and four-center inte­
grals which have been systematically neglected in the present calculations. 
This point has not been pursued further, since here it was the primary aim to 
show that Ε-values of the correct order of magnitude can arise due to the 
counter ion perturbations. 
Van Willigen et al. [ 9 ] suggested that also an indirect Jahn-Teller effect 
[45,73 ] might play an important role in the distortion of the trigonal 
symmetry. This assumption was based on the small energy difference, estima-
ted as 0.5 eV, between the lowest A'^  configuration and the lowest E' 
configuration obtained by promoting one of the two electrons in the MO's 10 
and 11 to MO 12 (see figure 7). SCF calculations showed that this energy 
difference is more than 2.6 eV, so that an indirect Jahn-Teller effect is very 
unlikely. This implies that such an effect can hardly contribute to the distor­
tion of the trigonal symmetry, so we must conclude that this distortion is 
mainly caused by the polarizing influence of the counter ions. 
Van Broekhoven [9,10] observed also an intermediate spectrum of 
Tp in some MTHF/glyme mixtures. The measured ZFS parameters were 
between those obtained in pure glymes and those obtained in pure MTHF. 
This spectrum has been assigned to Tp coordinated with only one counter 
ion or, alternatively, to Tp with one counter ion in the first coordination 
sphere and the other in the second coordination sphere. Theoretically, little 
or no distinction can be made between these two possibilities, since they both 
can be described by Tp perturbed by only one counter ion, while the 
influence of the other may be neglected. 
Since the intermediate spectrum also showed a non-zero Ε-value, the 
cation must be located above or below one of the three outer rings of Tp . 
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The results of the ZFS calculations for Tp . K+ are given in table 18. 
Table 18. ZFS parameters of Tp in MTHF/glyme mixtures with K+ as 
counter ion, expressed in cm" . 
Calculation 
Tp2-.K+ (3 A) 
Tp2-.K+ (2 A) 
Experiment 
D 
0.036 
0.039 
0.03T 
E 
0.002 
O.OOU 
0.007 
Here also good agreement with experiment is attained. The results support 
therefore the assumptions made by van Broekhoven et al. [ 9,10 ] on the 
structure of the triplet species responsible for the intermediate spectrum. 
7.4 The ZFS parameters of the perturbed Tpb ion 
For the Tpb ion also different ESR spectra were observed as a funct­
ion of solvent and counter ion [ 10 ]. In contrast to Tp , all spectra of Tpb 
reveal a zero Ε-value conesponding to a trigonal spin distribution in Tpb . In 
the case of Tpb dissolved in glymes this is not so surprising since in these 
solvents Tpb is likely unperturbed and then the zero Ε-value reflects the 
trigonal symmetry of the parent molecule. 
In pure MTHF, however, Tpb must be considerably perturbed by the 
cations. Experimental evidence for this is the increasing D-value as compared 
with Tpb in glymes and the variation of the D-value going from one counter 
ion to another. Thus the zero Ε-value means that the perturbation of the 
cations does not induce a loss of trigonal symmetry in the spin distribution of 
Tpb . Van Broekhoven et al. [ 10 ] suggested that in this case the cations 
either must be located on the trigonal axis of Tpb or must jump rapidly 
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around Tpb ', preserving in this way trigonal symmetry on the avarage. In 
section 7.2, however, we have seen that the non-centric conformations of 
Tpb " . 2 M+ have singlet ground states. This rules out the second possibility 
since for this alternative also a singlet ground state is predicted. Concluding, 
there is sufficient experimental and theoretical evidence that the cations are 
located on the trigonal axis of Tpb . 
Calculations of the ZFS parameters of Tpb .2 M+, with the counter 
ions on the trigonal axis, fortify this conclusion. The results for some cation-
aromatic plane distances are given in table 19 and are in good agreement with 
the experimental values, thus giving support to the suggested structure of the 
ion triple Tpb2". 2 M+. 
Table 19. ZFS parameters (in cm"1) of Tpb2 '.2 M + inMTHF. 
C a l c u l a t i o n D E 
3.0 A 0 .0^0 0 
2 . 5 A 0.01+3 0 
2 . 0 A 0.01+6 0 
Experiment 
Na + 0.01*9 0 
K + 0.01*6 0 
We notice that the theoretical variation of the D-value with distance has also 
been found experimentally. The ionic radii of K+ and Na+ are 1.33 A and 
0.98 A respectively, so that we may expect the cation-aromatic plane distance 
in Tpb2 ' . 2 К + to be about 0.35 A larger than in Tpb2".2 Na+. According to 
the calculations the D-value of the latter should be about 0.002-0.003 cm"1 
higher than that of Tpb .2 K+, which has indeed been found (see table 19). 
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From Tpb also an intermediate spectrum has been observed [ 10,13 ]. 
On the analogy of the Tp case it was assumed that here the perturbation is 
mainly caused by only one cation. Since the Ε-value is again zero, this cation 
must be on the threefold axis of Tpb . In table 20 the results of the calcula­
tions are compared with experiment. 
1 9 
Table 20. ZFS parameters (in cm" ) of Tpb in MTHF/glyme mixtures with 
K + as counter ion. 
Calculation D E 
3 A 0.03h 0 
2 A 0.037 0 
Experiment 0.037 0 
Again good correspondence with experiment is attained. The results support 
therefore the assumptions made on the structure of the triplet species respon-
sible for the intermediate spectrum of Tpb . 
1 Ί 
7.5 Conformations of the ion triples and ions pairs of Tp and Tpb 
In the previous sections the ESR spectra of Tp and Tpb''' in MTHF 
have been attributed to ion triples of Tp .2 M+ and Tpb .2 M+, while the 
spectra obtained in MTHF/glyme mixtures have been assigned to ion pairs of 
Tp . M+ and Tpb . M+. Comparison ot the calculated ZFS parameters 
and the term schemes with the experimental data showed that in Tp .2 M+ 
and Tp . M+ the cations must be located above and/or below the same 
non-central ring. In Tpb .2 M+ and Tpb . M+, on the other hand, the 
cations must be on the trigonal axis in order to explain the ESR results. 
In this section the causes of these different types of conformations will 
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be examined. For this purpose total energy and charge density calculations 
have been performed. 
Total energy 
Calculations of the total energy for the various conformations showed 
that the most favorable cation positions are on the trigonal axis of Tp and 
Tpb . However, these results are not very useful. There are many approxi­
mations involved in these calculations such as: the LCAO-ZDO approximati­
on, the point charge model and the neglect of solvent interactions. In addi­
tion, the energy differences found between different conformations are rela­
tively small (0-10 eV) compared with the total TT-electron energy (200-300 
eV). Furthermore, since in the total TT-electron energy the attraction is inclu­
ded of the cation(s) with all TT-electrons, the repulsion energy between the 
nuclear cores of the aromatic system and the cation(s) has to be substracted 
from this amount [ 74 ]. This repulsion term, which is of the order of 
100-200 eV, may also introduce a large error in the calculations. Therefore 
such calculations seem to be inadequate for determining the most favorable 
cation positions. For this more refined calculation methods are required, but 
these are meaningless as long as the exact ion pair and ion triple structures are 
not known and the role of the solvent molecules is questionable. 
Charge densities 
A simpler and more reasonable method for predicting the cation posi-
2 2 
tions is presented by the charge densities in the unperturbed Tp and Tpb 
ions. The TT-electron charge density at the carbon atom C: can be obtained 
from equation (40) by substitution of j = i : 
P . . = Σ λ χ* χ . (82) 
1 1 Χ Χ 1 1 
where Xj are Hückel or SCF MO coefficients. 
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For Tp " the charge densities in the Hückel approximation are the same 
for all carbon atoms, while the SCF charge densities are much larger for the 
outer ring carbon atoms than for the central ring carbon atoms. The calcu-
lated charge densities are presented in table 21. The numbering of the carbon 
atoms has been given below table 12 of section 6.2. 
Table 21. Charge densities in Tp2". 
Position Hückel SCF 
1- 6 1.111 1.183 
7-12 1.111 1.103 
13-18 1.111 1.0U7 
Since a cation prefers positions of highest electron density and since usually 
the SCF theory gives more reliable results than the Hückel approximation, a 
cation will seek a position near one of the three outer rings. The question 
then is: once a cation is located above the center of an outer ring, which 
position is then most favorable for the other cation of Tp2".2 M+? At first 
glance, we might expect below one of the two other outer rings (oblique 
conformation as in model 1 of figure 12) because then the cation-cation 
repulsion is smallest. However, considering the polarization caused by the first 
cation, the second will likely be below the same ring (perpendicular confor-
mation as in models 2 and 3 of figure 12). Qualitatively we would say that the 
second effect is much stronger, so that the perpendicular conformation is 
more stable which has been more or less confirmed by our total SCF energy 
calculations. 
The Hückel and SCF π-electron charge densities in Tpb2" are found in 
table 22. The numbering of the carbon atoms in Tpb has been given in figure 
9. 
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Table 22. Charge densities in Tpb . 
Position 
1 
2 
3 
h 
5 
6 
Hückel 
1.236 
1.1 OU 
I.OTU 
і.обз 
1.011 
i.ioU 
SCF 
1.146 
1.046 
1.030 
1.039 
1.078 
1.211 
In the Hückel approximation the total charge density at the six central ring 
carbon atoms is 7.026 which is much larger than the total density at the six 
carbon atoms of an 'outer ring (6.326). In the SCF approach electron corre-
lation pushes some electron density to the outer ring atoms but still the 
largest density is at the central ring atoms (6.S76 against 6.475). Hence it is 
much more likely that in this case the cation(s) near the central ring than near 
an outer ring of Tpb . 
Conclusions 
Within our approximations the total energy test is insufficient for deter-
mining the most probable cation positions in the ion triples Tp .2 M+and 
Tpb2'.2 M+ and in the ion pairs Tp2". M+ and Tpb2'. M+. With the aid of 
the SCF charge densities in the unperturbed Tp2' and Tpb ions we can 
qualitatively predict the most probable ion pair and ion triple conformations. 
These predictions properly agree with the results obtained from the interpre-
tation of the ESR experiments on these systems. 
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SUMMARY 
The first part of this thesis deals with the electron spin resonance (ESR) 
experiments on the mono-, di- and trinegative ions of trinaphthylene (TN), an 
aromatic molecule with trigonal symmetry. The ESR experiments proved that 
TN" has a non-degenerate doublet ground state, while TN has a singlet 
ground state. In this respect TN" and TN deviate essentially from other 
aromatic mono-, and dinegative ions with trigonal symmetiy like those of 
benzene, triphenylene (Tp), coronene, 1,3,5-triphenylbenzene (Tpb) and 
decacyclene. This divergent behavior could be explained by Hiickel and self-
consistent field (SCF) molecular orbital (MO) descriptions for TN' and TN , 
which showed that the lowest anti-bonding π-electronic level is non-degener­
ate in contrast to the molecules just mentioned. A thermally-excited triplet 
state of TN as predicted by the results of the Hiickel calculations was not 
found experimentally. This agrees, however, with the SCF energy level 
scheme of TN . 
It proved possible to prepare also TN and to resolve its hyperfine ESR 
spectrum. This ion was found to have an orbitally degenerate doublet ground 
state in accordance with Hiickel and SCF calculations. 
From the hyperfine ESR spectra of TN" and TN the spin density 
distributions in these anions could be determined. A comparison was made 
between the experimental spin densities and the theoretical values obtained 
from Hiickel, SCF and configuration interaction (CI) calculations. The best 
correspondence was attained by taking into account first order CI with singly-
excited configurations on the basis of open shell SCF MO's of TN' and TN . 
In part II the results are presented of a theoretical study on Tp and 
Tpb . ESR experiments performed by van Broekhoven have demonstrated 
that these ions possess a triplet ground state. The zero-field-splitting (ZFS) 
parameters D and E, which characterize a triplet ESR spectrum, were strongly 
dependent on which solvent was used. The results obtained in solvents with 
high solvating power like diethylene glycol dimethyl ether (diglyme) could be 
explained very well by assuming that in these solvents the electron distribu­
tions in the triplet systems were not perturbed by the counter ions. The 
Ε-values were in these cases equal to zero in correspondence with the trigonal 
symmetry of Tp and Tpb. The D-values obtained from semi-empirical SCF 
and CI calculations were properly in agreement with the experimental values. 
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In less solvating solvents like 2-methyltetrahvdrofuran (MTHF) or 
MTHF/glyme mixtures the observed D-values of Tp and Tpb were con-
siderably higher than those obtained in glymes. While in the case of Tpb ' the 
Ε-value remained zero, for Tp a non-zero Ε-value appeared pointing to a 
non-trigonal distortion of its electron distribution. These strong effects have 
been attributed to the perturbing influence of the alkali counter ions (M*). 
In order to account for the experimental results the ZFS parameters 
have been calculated for Tp and Tpb perturbed by one or two counter 
ions. In these calculations the counter ions were represented as point charges. 
Several positions of the counter ions with respect to the aromatic dianions 
have been considered. Also the term schemes and the total energies of the 
various anion-cation conformations have been calculated. From comparison 
of theoretical and experimental results the following conclusions could be 
drawn: 
(i) Both Tp and Tpb have a triplet ground state irrespective of solvent, 
counter ion and temperature. 
? 2 
(ii) In some MTHF/glyme mixtures Tp and Tpb are perturbed mainly by 
only one counter ion, which suggests that in these solvents the ion pairs 
Tp . M+ and Tpb . M+ are present. In Tp . M+ the cation is located 
above or below one of the three outer rings of Tp , while in Tpb . M+ the 
cation is on the trigonal axis of Tpb . 
(iii) In pure MTHF the triplet dianions are perturbed by two counter ions 
suggesting the presence of the ion triples Tp .2 M+ and Tpb .2 M+. In the 
former the cations are located above and below the same non-central ring of 
2 2 
Tp , whereas in the latter they are above and below the center of Tpb . 
(iv) The cation-aromatic plane distance in the ion pairs and ion triples is 
estimated between 2 A and 3 A. 
Finally, by means of total energy and charge density calculations an 
explanation could be given for the preference of cations for the non-trigonal 
2 9 
positions in Tpb and for the trigonal positions in Tp 
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SAMENVATTING 
Het eerste deel van dit proefschrift handelt over electronspinresonantie 
(ESR) experimenten aan de mono-, di- en trinegatieve ionen van trinaftyleen 
(TN), een aromatisch molecuul met trigonale symmetrie. De ESR-experimen-
ten toonden aan dat TN" een niet-ontaarde doublet grondtoestand en dat 
TN een singulet grondtoestand bezit. In dit opzicht wijken TN" en TN 
sterk af van andere aromatische mono- en dinegatieve ionen met trigonale 
symmetrie zoals die van benzeen, trifenyleen (Tp), coroneen, 1,3,5-trifenyl-
benzeen (Tpb) en decacycleen. Dit afwijkende gedrag kon verklaard worden 
met behulp van Hückel en "self-consistent field" (SCF) "molecular orbital" 
(MO) beschrijvingen voor TN" en TN . Deze toonden namelijk aan dat, in 
tegenstelling tot de juist genoemde moleculen, het laagste anti-bonding π-elec-
tronenniveau van TN" en TN niet ontaard is. The Hückel theorie voorspelde 
een thermisch aangeslagen triplettoestand voor TN , hetgeen in strijd was 
met de experimentele resultaten. Dit kon echter verklaard worden met het 
SCF-energieschema van TN . 
Onder bepaalde omstandigheden was het mogelijk om TN te bereiden 
en om het hyperfijn ESR-spectnim ervan te meten. Dit ion bleek een ontaarde 
doublet grondtoestand te bezitten in overeenstemming met Hückel en 
SCF-berekeningen. 
Uit de hyperfijn ESR-spectra van TN' en TN kon een indruk verkregen 
worden over de spindichtheidsverdelingen in deze anionen. De experimentele 
spin dichtheden werden vergeleken met de theoretische waarden verkregen uit 
Hückel, SCF en configuratie-interactie (Cl) berekeningen. De beste overeen-
stemming werd gevonden wanneer eerste orde Cl in rekening gebracht werd 
met enkelvoudig aangeslagen configuraties op basis van de SCF MO's van TN" 
en TN3". 
In het tweede deel worden de resultaten besproken van een theoretische 
studie aan Tp en Tpb . Uit ESR-experimenten, uitgevoerd door van 
Broekhoven, was gebleken dat deze ionen een triplet grondtoestand bezitten. 
De nul-veld-splitsingsparameters D en E, welke een triplet ESR-spectrum 
karakteriseren, waren sterk afhankelijk van het gebruikte oplosmiddel. De 
experimenten uitgevoerd in sterk solvaterende oplosmiddelen zoals diethy-
leengjycoldimethylether (diglym), konden verklaard worden door aan te 
nemen dat in deze oplosmiddelen de electronverdelingen in Tp en Tpb 
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niet merkbaar verstoord worden door de tegenionen. De D-waarden bepaald 
met semi-empirische SCF en CI-berekeningen, kwamen goed overeen met de 
experimentele waarden. De parameter E bleek in deze gevallen nul te zijn in 
overeenstemming met de D-jjj-symmetrie van Tp en Tpb. 
In slechter solvaterende oplosmiddelen zoals 2-methyltetrahydrofuraan 
(MTHF) of MTHF/glym mengsels waren de waargenomen D-waarden aanzien-
lijk hoger dan die verkregen in de zuivere glym. Terwijl in het geval van Tpb 
de E-waarde nul bleef, werd voor Tp een E ongelijk aan nul waargenomen, 
hetgeen betekent dat in dergelijke oplosmiddelen de electronverdeling in Tp 
niet meer trigonaal symmetrisch is. Deze sterke effecten werden toegeschre-
ven aan de storende invloed van de alkali-tegenionen (M+). 
Om de experimentele resultaten te verklaren werden de parameters D en 
E berekend voor Tp en Tpb gestoord door één of twee tegenionen. Bij 
deze berekeningen werden de tegenionen voorgesteld als puntladingen. Ver-
schillende posities van de tegenionen met betrekking tot de aromatische dian-
ionen werden beschouwd. Bovendien werden de termschema's en de totale 
energieën berekend voor de verschillende anion-cation conformaties. Door 
vergelijking van de theoretische met de experimentele resultaten konden de 
volgende conclusies getrokken worden: 
(i) Zowel Tp·'" als Tpb bezitten een triplet grondtoestand onafhankelijk 
van oplosmiddel, tegenion en temperatuur. 
(ii) In sommige MTHF/glym mengsels worden Tp and Tpb slechts ver-
stoord door één tegenion, zodat we in dit geval waarschijnlijk te maken heb-
ben met de ionenparen Tp . M+ en Tpb . M+. In het eerste ionenpaar 
bevindt zich het tegenion onder of boven één van de drie buitenringen van 
Tp , in het laatste op de trigonale as van Tpb . 
(iii) In zuiver MTHF.zijn waarschijnlijk de ionentripels Tp .2 M+ en 
Tpb .2 M+ aanwezig met in het eerste ionentripel de tegenionen boven en 
onder dezelfde buitenring van Tp en in het laatste boven en onder het 
centrum van Tpb . 
(iv) De afstand van de tegenionen tot het aromatisch vlak in de ionenparen 
en ionentripels wordt geschat tussen 2 Âen 3 Â 
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Tenslotte kon met behulp van totale energie- en ladingsdichtheidsbereke-
ningen een verklaring gegeven worden voor de voorkeur van de tegenionen 
voor de niet-trigonale posities bij Tp en voor de trigonale posities bij Tpb . 
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